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Abstract 
This study presents the analysis of large-scale residential fire experiments that were 
performed at Underwriters Laboratories in Northbrook, Illinois.  These experiments were 
focused on the tenability conditions within residential fire environments and the effect of 
ventilation and water application on the fire environment.  Experiments were conducted in 
one-story and two-story residential structures, with nine occurring in the one-story 
structure, and eight occurring in the two-story structure.  Tenability conditions were 
determined based on CO inhalation and temperature data.  In the one-story structure, CO 
untenability was reached, on average, 6 min. after ignition for experiments with ignition in 
the living room or bedrooms.  In the two-story structure, CO untenability was reached, on 
average, 12 min. after ignition for experiments with ignition in the family room or 
bedrooms.  In the one-story structure, CO untenability was reached prior to ventilation, 
which means that trapped occupants would likely be deceased in an actual fire.  Times to 
CO untenability were drastically improved in rooms with doors shut to the fire 
environment, showing the importance of shutting oneself off from the fire if trapped inside 
a burning structure.  Times to thermal untenability were typically longer than times to CO 
untenability, suggesting CO poisoning is more of a danger to occupants than burns.  Water 
application was shown to improve the fire environment significantly for even small water 
applications.  The range of duration for water applications in these experiments was 6-17 s.  
The correlation between duration of water application and temperature reduction inside the 
fire environment was not statistically significant, which suggested that the effect of water 
application in reducing the temperatures in the fire environment was largely due to the 
initial suppression of the fire in the first few seconds of water application.  Temperature 
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reduction in non-fire rooms, i.e. rooms without materials on fire, demonstrated a fairly 
linear relationship with the temperature before water application.  It was found that this 
relationship was different between straight streams and fog streams.  Fog streams initially 
have larger temperature reductions than straight stream applications, but as time reaches 
approximately 30 s after water application, the temperature reductions become larger for 
the straight stream and remain larger thereafter.  Additionally, "pushing the fire" i.e. the 
effect of water application increasing the temperature in the rooms adjacent to the fire 
room, was observed only in fog streams.  The reason for this "pushing the fire" effect was 
due to the entrainment of gases in the fog stream, which created an inflow of gases into the 
fire room, thus raising the pressure of the fire room and sending the hot gases into the 
adjacent rooms.  This effect was not witnessed in straight stream applications, which was 
expected since entrainment of gases in the straight stream water application was negligible.  
A study of ventilation techniques showed that shutting the front door behind firefighter 
entry and venting far from the seat of the fire reduced the potential for flashover and the 
danger to firefighters.   
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Chapter 1  
Introduction 
 
 
1.1  Research Motivation 
 Fires in residential structures are complex combusting environments that are affected by a 
large number of variables.  A typical fire in a modern residential structure begins as a fuel-
limited fire, i.e. a fire with an abundant supply of oxygen, and then transitions to a ventilation-
limited (or oxygen-limited fire), where the fire has an excess supply of fuel and is limited by the 
supply of oxygen.  A commonly used firefighting tactic is ventilation, which is the process of 
creating openings in the structure to allow heat and smoke to exit while allowing air outside of 
the structure to enter.  This has the unintended consequence that the fire begins to grow because 
an additional supply of oxygen is made available for combustion. The fire eventually reaches 
flashover, a homogenous ignition of all combustibles in the fire room that creates a high, nearly 
uniform temperature in the fire room.  Backdraft can also occur, which is the event where air 
rushing in from a recently created opening mixes with unburnt combustibles that are above their 
ignition temperature and high pressure, potentially explosive ignition occurs leading to an 
expulsion of flame through the opening.  Both flashover and backdraft are dynamic combustion 
events with potentially lethal consequences for firefighters and civilians.  High fidelity fire 
modeling that is verified by experimental data can contribute substantially to the determination 
of the conditions that will cause these events, and therefore to the design of firefighting tactics 
that will avoid them. 
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 However, the complexity of the residential fire environment makes the attempts to model 
the fire environment difficult and oftentimes inaccurate.  There is significant variance in 
residential fires, due in large part to the intricate geometries of common structures and the 
different locations and types of fuel loads within each structure.  Because of this complexity and 
variability, there is a significant lack of understanding of the behavior of fire in residential 
structures, or how this behavior will change as a result of different firefighting activities that may 
be utilized.  This lack of understanding contributes to the continued tragic loss of firefighter and 
civilian lives.  In fact, it is estimated that from 2005-2009, there was an average of 2,650 civilian 
fire deaths, 12,890 civilian fire injuries, and $7.1 billion in fire damage in home structure fires 
annually [1].  Research data also show that the rate of death from traumatic injuries inside 
structures for firefighters has been increasing since 1977 and reached over 3 deaths per 100,000 
fires in 2007 [2].  In 2011, the second leading cause of firefighter deaths was being caught or 
trapped, with seven of those deaths the result of rapid fire progress [3].  These data suggest that 
the fire environment inside the structure is becoming even more of a danger for firefighters.  This 
is due largely to the increased fuel loads found in modern residential structures due to increasing 
use of synthetic materials in household furnishing.  These fuel types lead to faster developing 
fires and more dangerous by-products of combustion [4].   
 The increasing danger of the modern fire environment is also illustrated by specific 
instances of firefighter casualties.  On March 30, 2010 one firefighter was killed and another 
injured while they were in the structure when flashover occurred.  According to a journalistic 
account [5], "While ventilation activities were occurring, the search and rescue crew observed 
fire rolling across the ceiling within the smoke."  Upon observing this, the search and rescue 
crew were able to exit the building safely, but the hoseline crew became trapped inside.  This 
3 
 
particular case demonstrates how quickly conditions can deteriorate in residential fires and also 
how that deterioration correlates with the process of ventilation.   
 It is for this reason that the experiments conducted in this research are primarily aimed at 
better understanding the impact of ventilation and hose stream choices on tenability conditions 
and on the dynamics of the fire so that civilian and firefighters casualties can be reduced.   
 
1.2  Current Ventilation Tactics 
 There are several different types of ventilation tactics utilized by firefighters in residential 
fires.  The two primary categories are horizontal ventilation and vertical ventilation.  Horizontal 
ventilation uses doors and windows to release the heat and smoke from the compartment [6].  
Horizontal ventilation can further be broken into the categories of natural and positive pressure 
ventilation.  Natural ventilation utilizes the opening of windows and door,  allowing the pressure 
differential created by the fire and the wind to ventilate the structure, while positive pressure 
ventilation uses fans to force external air into the structure [6].  Horizontal ventilation has several 
supposed advantages when compared with vertical ventilation.  These advantages include the 
ability to perform the ventilation on the ground, the ability to perform the ventilation quickly, 
and the ability to perform the ventilation with only one member of the fire crew [7].  The 
experiments conducted in this research utilized horizontal, natural ventilation.  Positive pressure 
ventilation was not studied. 
 Vertical ventilation is the release of heat and smoke through roof openings [6] and is 
considered the most effective form of ventilation because it best utilizes the natural convective 
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flow of hot gases out of the building [7].  Some of the experiments reported in this thesis utilized 
vertical ventilation along with horizontal ventilation. 
 Ventilation is largely considered as a tactic to exhaust heat and smoke from a structure, 
thus reducing temperature [8-10].  There are many different purposes for ventilating a structure 
during fires.  These include life safety, fire suppression, fire spread control, reduction of 
flashover potential, reduction of backdraft potential, and property conservation [8].  Firefighters 
are often taught that ventilation is a method to improve the fire environment by releasing heat 
and introducing cooler air [11].  However, this fails to tell the whole story.  Ventilation also 
introduces additional oxygen into the fire environment, which can increase the rate of the 
chemical reactions occurring within the structure.  Figure 1.1 shows how ventilation can actually 
lead to worse fire conditions within the structure by increasing the burning rate. 
 
 
Figure 1.1: Ventilation Induced Flashover (from [11]) 
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 The figure shows the traditional fire growth curve in gray and a similar curve for a fire 
that is oxygen-limited then ventilated in red.  It has become increasingly apparent that ventilation 
can induce flashover for oxygen-limited fires.  This information leads to two possible tactical 
operations: tactical ventilation and tactical anti-ventilation, which are compared in Fig. 1.2.  
Tactical ventilation uses the opening of holes in the structure to release heat and smoke.  As the 
air enters the structure, the hot gases begin to leave due to conservation of mass and the natural, 
convective motion of the hot gases.  The air then reaches the seat of the fire and increases the 
heat release rate (HRR).  In tactical anti-ventilation firefighters attempt to block off openings in 
the structure to limit oxygen reaching the fire, which reduces the heat release rate in the structure 
as the combustion reaction becomes increasingly inefficient at lower oxygen concentrations until 
the fire self-extinguishes [11].  The smoke and energy then becomes stored in the closed portion 
of the compartment.   
 
 
Figure 1.2: Ventilation Strategies in Compartment Fires [11] 
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 One of the primary focuses of this research is on the effects of vertical ventilation.  
Throughout existing literature, there are several common perceptions about the impact that 
vertical ventilation has on the fire environment.  Vertical ventilation is considered to be one of 
the most effective methods for releasing heat and smoke from the fire environment, as well as a 
method for reducing the possibility of flashover [8-10].  Vertical ventilation is also considered an 
effective method for containing the horizontal spread of the fire within the structure [9].  It is 
also suggested that vertical ventilation is most effective when performed directly above the seat 
of the fire or as near the seat of the fire as possible [8,9].  One of the benchmarks developed for 
vertical ventilation is to cut a hole that is 10 % of the surface area of the involved fire as near the 
seat of the fire as possible [12,13].  The experiments in this thesis were designed to study the 
validity of these perceptions on vertical ventilation. 
 Another ventilation tactic studied in the experiments described in this thesis is the Vent-
Enter-Search (VES) method of ventilating.  VES is the method of opening a ventilation hole in 
the structure, then sending a search crew through that ventilation opening before the engine 
company has water available [14].  This tactic differs from other ventilation tactics in that it does 
not postpone entry and search until there is water available.  The possible advantages of this 
tactic are that it gives the search crew more time to search for possible survivors before the fire 
environment reaches untenability and it increases the chances of saving the lives of trapped 
civilians since the crew can begin its search of the structure as soon as possible.  The risks 
involve sending firefighters into a dangerous environment without the support of a hoseline crew 
to manage the conditions of the fire.  VES should not always be used at a fire, but it is a 
particularly useful ventilation tactic for residential fires [15]. 
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1.3  Recent Ventilation Research 
 Some research has already been conducted on ventilation of compartment fires.  In [16], a 
fire room with ventilation through both the door and room window were analyzed.  The 
maximum heat release rate of the fire occurred approximately 40 s after establishment of window 
ventilation.  Maximum room temperatures were around 800oC before ventilation and 1050oC 
after ventilation for natural ventilation [16].  The experiments in [16] demonstrate how quickly 
conditions can deteriorate in a fire room. 
 In [17], a fire training building was used to simulate a two-story house.  The fires 
proceeded until they were ventilation-limited and then were ventilated. Half of the tests utilized 
natural ventilation while the other half used positive pressure ventilation.  The tests included 14 
different ventilation configurations.  Five of those were classified correct ventilation 
configurations, where ventilation from the fire room opened directly to the outside.  The other 
nine configurations were classified incorrect configurations, where heat and smoke had to travel 
from the fire room through other rooms to reach the outside.  The firefighter temperature 
threshold of 300o C was never reached in the adjacent rooms for the correct ventilation 
configurations.  This threshold was surpassed in adjacent rooms in two of the nine incorrect 
ventilation configurations [17]. 
 In [4], horizontal ventilation was studied for both one-story and two-story structures.  
This study found that during a VES operation, it is important to close the door to the room being 
searched, since this prevents heat from other parts of the structure from entering that room and 
reduces the risk to firefighters and any potential victims within the room [4].  This study also 
showed that the average time to untenability for firefighters after ventilation was around 100 
seconds for the one-story house and 200 seconds for the two-story house [4].  It also established 
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that the time from firefighter untenability to flashover was often less than 10 seconds for several 
of the experiments.  Another important finding of these experiments was that more ventilation 
openings created faster transition to flashover in the fire room [4]. 
 Another aspect of ventilation that has been studied recently is the velocities in the 
ventilation opening.  With horizontal natural ventilation, the velocity profile in the doorway 
involves gases exiting from the upper parts of the opening and entering through the lower 
portions [4,16-18].  It was found that the farther away the fire in the room was from the 
ventilation, the lower the mean temperature in the room [18].  However, in [18] a constant heat 
release rate burner was used.  This meant that the tests in [18] did not account for the effect 
ventilation has on increasing the heat release rate by providing oxygen to the fire. 
 One of the main purposes of ventilating a fire is to create an opening to allow access to 
the fire for the purposes of applying water to the fire.  In firefighting, there are two types of 
settings that are primarily used with a combination nozzle, straight stream setting and fog stream 
setting.  The straight stream setting creates a spray of water from the nozzle in a relatively 
straight line, while the fog stream setting provides a water spray in a cone pattern, with the angle 
of that cone being adjustable.  Figure 1.3 shows a picture from the experiments in [4] further 
displaying the nature of water application with a fog stream setting. 
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Figure 1.3: Example of Fog Stream Application through a Window [4] 
  
 The advantage of the straight stream pattern is that it can achieve greater penetration into 
a structure than the fog stream pattern.  The advantage of the fog stream pattern is that it has 
greater heat absorption potential due to the increased available surface area of the incoming 
water spray, which quickens the heat transfer process and allows the water to absorb more heat 
through its relatively large heat capacity and eventually its phase transformation to steam. 
 The combination nozzle became popular due to the work of Layman [22].  He suggested 
an approach for using the wide fog stream in structure fires.  His methodology had three 
requirements for success: apply of the fog stream into the structure from a position outside the 
structure, apply the fog stream to a structure that is well-sealed, and apply the fog stream when 
ceiling temperatures in the compartment are in excess of 540oC [19].  The firefighting 
community continues to debate the effectiveness of the fog stream pattern compared with the 
Fog 
Stream 
Pattern 
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straight stream pattern [20].  There has only been a small amount of research to compare the 
cooling effects of the two patterns.  The experiments in [21] showed that fog stream application 
cooled the room by at least 20% and reduced the heat flux in the room by 30%, while straight 
stream application reduced the temperature and the heat flux by at least 40%.  In this thesis we 
will further compare the cooling effects of exterior application of water with the two different 
pattern types.  
 
1.4  Research Objectives 
 The existing literature lacks a comprehensive study of the effects of vertical ventilation 
on full-scale residential fires.  It is for this reason that the experiments described in this thesis 
and the subsequent processing of the data set out to gain an understanding of the fire 
environment in residential structures and the way in which the environment reacts to vertical 
ventilation.  To accomplish this task the following objectives were pursued during the 
experiments: 
 Determine how location, timing, and amount of ventilation affect the fire conditions 
within residential buildings 
 Develop recommendations for ventilation tactics for one-story and two-story residential 
structures 
 Determine tenability times for occupants and firefighters within the fire environment by 
examining convective and radiative heat transport in the fire environment as well as the 
effects of CO and CO2 concentrations 
 Study how different ventilation tactics affect the tenability times 
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 Examine the effect of water application on the fire environment for both straight stream 
and fog stream applications by external hose teams 
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Chapter 2  
Experimental Setup and Procedure 
 
 
2.1  Experiment Design and Location 
 The experiments described in this thesis were designed by Underwriters Laboratories and 
performed at their facility in Northbrook, Illinois.  In their facility, a one-story and two-story 
structure were built inside one of the Underwriters Laboratories building, where all the tests were 
performed.   The experiments began on January 11th, 2012 and ended on February 10th, 2012.  
Typically, a one-story and two-story test were run on each test day, with a test day occurring 
every three business days.  The funding for these experiments was provided by the Department 
of Homeland Security. 
 
2.2  Structures, Instrumentation, and Furnishings 
2.2.1  One-Story and Two-Story Structures 
 The one-story structure had 8 total rooms, with 3 bedrooms and 1 bath.  The area of the 
house was 1200 ft2.  A floor plan of the one-story structure can be found in Figure 2.1.  The two-
story structure had 12 total rooms, with 4 bedroom and 2.5 bathrooms.  The area of the house 
was 3200 ft2.  A floor plans of the two-story structure can be found in Figure 2.2 and Figure 2.3. 
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Figure 2.1:  One-Story Floor Plan (M Bedroom is Bedroom 1) 
 
Figure 2.2:  Two-Story Floor Plan of Lower Level 
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Figure 2.3:  Two-Story Floor Plan Upper Level (M Bedroom is Bedroom 1) 
 
2.2.2 Instrumentation and Furnishings 
 In each experiment gas temperature, gas concentration, gas velocity, pressure and video 
were all recorded.  Detailed locations of the instrumentation are provided in Figs. 2.4-2.6.  The 
gas temperatures were measured using type K thermocouple arrays.  In the one-story structure, 
for the living room, bedroom 1, kitchen, and hallway, thermocouples were located at 1 ft, 2 ft, 3 
ft, 4 ft, 5 ft, 6 ft, 7 ft, and 8 ft above the floor.  In the other rooms of the one-story structure 
thermocouples were located 1 ft, 3 ft, 5 ft, and 7 ft above the floor.  For the two-story structure, 
thermocouples were located at 2 ft, 4 ft, 6 ft, 8 ft, 10 ft, 12 ft, 14 ft, 16 ft above the floor for the 
family room.  In the hallway, kitchen, and bedroom 3 of the two-story structure, thermocouples 
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were located at 1 ft, 2 ft, 3 ft, 4 ft, 5 ft, 6 ft, 7 ft, and 8 ft above the floor.  Finally, for all the other 
rooms of the two-story structure, thermocouples were located at 1 ft, 3 ft, 5 ft, and 7 ft above the 
floor. 
 Gas concentration of oxygen, carbon monoxide, and carbon dioxide were measured  3ft 
from the floor in the living room and each bedroom for the one-story structure and 3 ft from the 
floor at the front door and bedroom 1, 2, and 3 for the two-story structure. Gas measurements 
were performed with the Ultramat 23 non-dispersive infrared gas analyzer of Siemens.  The 
Ultramat 23 can measure up to 3 IR active gases and O2.  Examples of gases that can be 
measured are CO, CO2, NO, SO2, CH4, and H2S. 
 Gas velocity measurements were made with differential pressure transducers connected 
to bidirectional probes.  Measurements were made at the front door and the roof vent.  There 
were two probes at the roof vent, each measuring at the center of the 4 ft by 4 ft openings.  There 
were 5 probes at the front door.  They measured down the centerline of the front door and at 
heights of 1 ft, 2 ft 2.5 in, 3 ft 5 in, 4 ft 7.5 in, and 5 ft 10 in from the floor.  Thermocouples were 
also located at the same positions as the velocity probes to allow for the velocities to be 
calculated.  Positive velocities indicate flow out of the structure. 
 Pressure measurements were made in the living room, bedroom 1, bedroom 2, and 
kitchen near the bottom, middle, and top of those rooms in the one-story structure.  In the two-
story structure pressure measurments were made near the bottom, middle, and top of the family 
room, kitchen, bedroom 2, bedroom 3, living room, and foyer.  Pressure measurements were 
performed with pressure transducers. 
 Several video cameras were placed inside and outside the structures to monitor the fire as 
it developed.  The cameras used were Marshall Electronics V-1255-B-BNC. 
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 A list of the furnishings used throughout all the experiments can be found in Table 2.1.  
The furniture locations within the one-story structure can be found in Figure 2.7.  The furniture 
locations within the two-story structure can be found in Figure 2.8 and Figure 2.9. 
Table 2.1: Furniture Information 
Item Length (in.) Width (in.) Height (in.) Weight (lbs) 
4 Drawer Chest 44 24 35 214.7 
Green Stripe Sofa 70 36 35.5 178.1 
Rose Chair 34 34 30 48.6 
Rose Autumn 28 20 16 19.4 
Coffee Table 42 20 19 36.9 
Table Lamp w/ Shade 4 4 28 6.7 
TV Set 38 5 25 47.3 
End Table 26 26 25.75 28.9 
Picture 31 1.5 21.5 7.1 
Drapes (one panel) 94 132  17.9 
Queen Mattress 79 59 7.75 64.6 
Queen Box Spring 79 59 7.5 69.8 
Full Mattress 74 53 7.25 54.1 
Full Box Spring 74 52 7.75 57.5 
Nightstand 22 18 25 19.8 
2 Drawer Chest 23.75 18.5 23.75 57.5 
6 Drawer Wood Dresser 54 18 32 124.7 
Mirror for Wood Dresser 28 1 48 28.8 
Headboard 72 1.25 26 40.2 
Pillow 24 16 3 1.5 
Sheets 98 83  3.5 
Mattress Pad 75 69  2.3 
Memory Foam Mattress Top 56 75 1.5 4.2 
Bed Skirt (Bed in a Bag) 60 81 14 drop 1.2 
Fitted Sheet (Bed in a Bag) 60 80 14 drop 1.5 
Flat Sheet (Bed in a Bag) 120 90  1.2 
Comforter (Bed in a Bag) 90 86  4.5 
Pillow Cases (Bed in a Bag) 30 24  0.5 
Kitchen Table 30 30 29.5 49 
Dining Room Table Top (one 
kitchen table used for base) 
96 30 1.75 107.7 
Stack Chairs 18 22 38 16.9 
Dishwasher (in cabinet style) 24 25 34 85.2 
Refrigerator 30 24.5 64 201.2 
Stove 30 25 44 160.6 
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Microwaves 30 15 16 52.9 
Kitchen Cabinet-SB60-Sink Base 
(Unfinished Oak) 
24 (deep) 60 34.5 93.2 
Base Kitchen Cabinet-B36 
(Unfinished Oak) 
24 (deep) 36 34.5 70.7 
Base Kitchen Cabinet-B24 
(Unfinished Oak) 
24 (deep) 24 34.5 55.1 
Wall Kitchen Cabinet-W2430 
(Unfinished Oak) 
12 (deep) 24 30 34.6 
Wall Kitchen Cabinet-W3630 
(Unfinished Oak) 
12 (deep) 36 30 47.9 
Vintage – Tan Sofa with wood trim 68 29 34 90.8 
Vintage – Blue Sofa w/ cushion 80 36 30 152.3 
Vintage – Tan Flower Chair 28 26 29 48.5 
Vintage – Blue Striped Chair 24 22 31 34.5 
 
 
Figure 2.4:  One-Story Instrument Locations 
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Figure 2.5:  Two-Story Instrument Locations Lower Level 
 
Figure 2.6:  Two-Story Instrument Locations Upper Level 
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Figure 2.7:  One-Story Furniture Locations 
 
Figure 2.8:  Two-Story Furniture Locations Lower Level 
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Figure 2.9:  Two-Story Furniture Locations 
 
2.3  One-Story Experimental Procedures 
 There were nine experiments conducted in the one-story structure.  The experimental 
procedure for each are described in this section. 
2.3.1  Experiment 1 
 Experiment 1 was designed to simulate a fire with horizontal ventilation.  The living 
room sofa was the location of ignition.  The ventilation locations were the front door and the 
living room window.  Water was briefly applied to the fire with a straight stream pattern through 
the living room window and then the fire was allowed to grow again before finally being 
extinguished.  The timeline for Experiment 1 can be found in Table 2.2. 
21 
 
Table 2.2: Experiment 1 Timeline 
Time Description 
0:00 Ignition 
8:00 Front Door Open 
8:15 Living Room Window Open 
11:10 Straight Stream into Living Room Window 
12:20 Final Suppression by Firefighting Crew (End of Experiment) 
 
2.3.2  Experiment 3 
 Experiment 3 simulated using the vent-enter-search tactic in coordination with vertical 
ventilation.  The ignition location was the living room sofa.  The ventilation locations were the 
front door (only four inches open), the roof vent, and the front door (completely open).  Water 
was briefly applied to the fire with a straight stream pattern through the front door and the fire 
was then allowed to grow again before being extinguished.  The timeline for Experiment 3 can 
be found in Table 2.3. 
Table 2.3: Experiment 3 Timeline 
Time Description 
0:00 Ignition 
8:00 Front Door Open 
8:15 Front Door Partially Open 
12:05 4 ft by 4 ft Vertical Vent Open 
15:07 Front Door Fully Open 
15:25 Straight Stream into Front Door 
17:00 Final Suppression by Firefighting Crew (End of Experiment) 
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2.3.3  Experiment 5 
 Experiment 5 simulated a fire with vertical ventilation.  The ignition location was the 
living room sofa.  The ventilation locations were the front door and the roof vent.  Water was 
briefly applied to the fire with a straight stream pattern through the front door and then the fire 
was allowed to grow again before finally being extinguished.  The timeline for Experiment 5 can 
be found in Table 2.4. 
Table 2.4: Experiment 5 Timeline 
 
2.3.4  Experiment 7 
 Experiment 7 simulated a fire with vertical ventilation.  The ignition location was the 
living room sofa.  The ventilation locations were the front door and the roof vent (both roof 
openings used in this experiment).  Water was briefly applied to the fire with a straight stream 
pattern through the front door and then the fire was allowed to grow again before finally being 
extinguished.  The timeline for Experiment 7 can be found in Table 2.5. 
 
 
 
 
Time Description 
0:00 Ignition 
8:00 Front Door Open 
9:45 4 ft by 4 ft Vertical Vent Open 
11:15 Straight Stream into Front Door   
12:55 Final Suppression by Firefighting Crew (End of Experiment) 
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Table 2.5: Experiment 7 Timeline 
 
2.3.5  Experiment 9 
 Experiment 9 simulated a fire with vertical and horizontal ventilation.  The ignition 
location was a trash can in bedroom 1.  The ventilation locations were the front door, the roof 
vent, and the bedroom 1 window.  There was no brief application of water in this experiment and 
shortly after the bedroom 1 window was opened the fire was extinguished.  The timeline for 
Experiment 9 can be found in Table 2.6. 
Table 2.6: Experiment 9 Timeline 
 
2.3.6  Experiment 11 
 Experiment 11 simulated a fire with vertical ventilation and window breakage before 
arrival of the fire crew.  The ignition location was a trash can in bedroom 1.  The ventilation 
Time Description 
0:00 Ignition 
8:00 Front Door Open 
9:35 4 ft by 4 ft Vertical Vent Open 
9:45 4 ft by 8 ft Vertical Vent Open 
11:10 Straight Stream into Front Door   
13:05 Final Suppression by Firefighting Crew (End of Experiment) 
Time Description 
0:00 Ignition 
8:00 Front Door Open 
11:00 4 ft by 4 ft Vertical Vent Open 
15:15 Bedroom 1 Window Open 
 16:30 Final Suppression by Firefighting Crew (End of Experiment) 
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locations were the bedroom 1 window, the front door, and the roof vent.  Water was briefly 
applied to the fire with a straight stream pattern through the bedroom 1 window and then the fire 
was allowed to grow again before finally being extinguished.  The timeline for Experiment 11 
can be found in Table 2.7. 
Table 2.7: Experiment 11 Timeline 
 
2.3.7  Experiment 13 
 Experiment 13 simulated a kitchen fire with horizontal ventilation.  The ignition location 
was in the kitchen on the counters nearest the living room opening.  The ventilation locations 
were the front door and the dining room window.  Water was briefly applied to the fire three 
separate times with a straight stream pattern and two separate times with a fog stream pattern.  
Both fog streams were applied through the front door.  Two of the straight stream were applied 
through the dining room window and the other was applied through the front door.  Each time 
the fire was allowed to grow again and about a minute after the fifth brief application of water 
the fire was extinguished.  The timeline for Experiment 13 can be found in Table 2.8. 
 
 
Time Description 
0:00 Ignition 
6:00 Bedroom 1 Window Open 
8:00 Front Door Open 
9:20 4 ft by 4 ft Vertical Vent Open 
10:45 Straight Stream into Bedroom 1 Window 
 12:20 Final Suppression by Firefighting Crew (End of Experiment) 
25 
 
Table 2.8: Experiment 13 Timeline 
 
2.3.8  Experiment 15 
 Experiment 15 simulated a fire with horizontal ventilation and the possibility of pushing 
the fire from one room to another room.  The ignition location was the living room sofa.  The 
ventilation locations were the living room window and the bedroom 1 window.  Water was 
applied to the fire through the living room window with a straight stream and a fog stream 
pattern to see if the water application had the effect of pushing the fire into bedroom 1.  The fire 
crew eventually extinguished the fire.  The timeline for Experiment 15 can be found in Table 2.9. 
Table 2.9: Experiment 15 Timeline 
Time Description 
0:00 Ignition 
10:00 Front Door Open 
13:45 Straight Stream into Front Door 
19:00-19:05 Fog Stream into Front Door   
20:00 Dining Room Window Open 
22:40 Straight Stream into Front Door 
24:00-24:40 Fog Stream into Front Door 
25:35 Straight Stream into Dining Room Window 
26:40 Final Suppression by Firefighting Crew (End of Experiment) 
Time Description 
0:00 Ignition 
6:00 Living Room Window Open 
9:30 Bedroom 1 Window Open 
10:30 Straight Stream into Living Room Window 
18:00 Fog Stream into Living Room Window   
 20:05 Final Suppression by Firefighting Crew (End of Experiment) 
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2.3.9  Experiment 17 
 Experiment 17 simulated a fire with legacy furniture and horizontal ventilation.  The 
ignition location was the living room sofa.  The ventilation locations were the front door and the 
living room window.  Water was briefly applied to the fire with a straight stream pattern through 
the living room window and then the fire was allowed to grow again before being extinguished.  
The timeline for Experiment 17 can be found in Table 2.10. 
Table 2.10: Experiment 17 Timeline 
 
2.4  Two-Story Experimental Procedures 
 There were eight experiments conducted in the two-story structure.  The experimental 
procedures for each are described in this section 
2.4.1  Experiment 2 
 Experiment 2 simulated a fire with horizontal ventilation.  The family room sofa was the 
location of ignition.  The ventilation locations were the front door and the family room window.  
Water was briefly applied to the fire with a straight stream pattern through the family room 
window and then the fire was allowed to grow again before finally being extinguished.  The 
timeline for Experiment 2 can be found in Table 2.11. 
Time Description 
0:00 Ignition 
24:00 Front Door Open 
24:15 Living Room Window Open 
33:30 Straight Stream into Family Room Window 
35:30 Final Suppression by Firefighting Crew (End of Experiment) 
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Table 2.11: Experiment 2 Timeline 
Time Description 
0:00 Ignition 
10:00 Front Door Open 
10:15 Family Room Window Open 
14:20 Straight Stream into Family Room Window 
15:40 Final Suppression by Firefighting Crew (End of Experiment) 
 
2.4.2  Experiment 4 
 Experiment 4 simulated using the vent-enter-search tactic in coordination with vertical 
ventilation.  The ignition location was the family room sofa.  The ventilation locations were the 
front door (only four inches open), the roof vent, and the front door (completely open).  Water 
was briefly applied to the fire with a straight stream pattern through the front door and the fire 
was then allowed to grow again before being extinguished.  The timeline for Experiment 4 can 
be found in Table 2.12. 
Table 2.12: Experiment 4 Timeline 
 
 
 
Time Description 
0:00 Ignition 
10:00 Front Door Open 
10:15 Front Door Partially Open 
13:30 4 ft by 4 ft Vertical Vent Open 
19:00 Front Door Fully Open,  Straight Stream into Front Door   
 20:30 Final Suppression by Firefighting Crew (End of Experiment) 
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2.4.3  Experiment 6 
 Experiment 6 simulated a fire with vertical ventilation.  The ignition location was the 
family room sofa.  The ventilation locations were the front door and the roof vent.  Water was 
briefly applied to the fire with a straight stream pattern through the front door and then the fire 
was allowed to grow again before finally being extinguished.  The timeline for Experiment 6 can 
be found in Table 2.13. 
Table 2.13: Experiment 6 Timeline 
 
2.4.4  Experiment 8 
 Experiment 8 simulated a fire with vertical ventilation.  The ignition location was the 
living room sofa.  The ventilation locations were the front door and the roof vent (both roof 
openings used in this experiment).  Water was briefly applied to the fire with a straight stream 
pattern through the front door and then the fire was allowed to grow again before finally being 
extinguished.  The timeline for Experiment 8 can be found in Table 2.14. 
 
 
 
 
Time Description 
0:00 Ignition 
10:00 Front Door Open 
11:45 4 ft by 4 ft Vertical Vent Open 
13:45 Straight Stream into Front Door   
15:25 Final Suppression by Firefighting Crew (End of Experiment) 
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Table 2.14: Experiment 8 Timeline 
 
2.4.5  Experiment 10 
 Experiment 10 simulated a fire with vertical and horizontal ventilation.  The ignition 
location was a trash can in bedroom 3.  The ventilation locations were the front door, the roof 
vent, and the bedroom 3 window.  Water was briefly applied to the fire with a straight stream 
pattern through the bedroom 3 window and then the fire was allowed to grow again before 
finally being extinguished.  The timeline for Experiment 10 can be found in Table 2.15. 
Table 2.15: Experiment 10 Timeline 
 
2.4.6  Experiment 12 
 Experiment 12 simulated a fire with vertical ventilation and window breakage before 
arrival of the fire crew.  The ignition location was the family room sofa.  The ventilation 
Time Description 
0:00 Ignition Occurs 
10:00 Front Door Open 
11:15 4 ft by 8 ft Vertical Vent Open 
13:00 Straight Stream into Front Door   
 15:05 Final Suppression by Firefighting Crew (End of Experiment) 
Time Description 
0:00 Ignition 
10:00 Front Door Open 
11:30 4 ft by 4 ft Vertical Vent Open 
16:35 Bedroom 3 Window Open 
17:30 Straight Stream into Bedroom 3 Window 
19:00 Final Suppression by Firefighting Crew (End of Experiment) 
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locations were the family room window, the front door, and the roof vent.  Water was briefly 
applied to the fire with a straight stream pattern through the family room window and then the 
fire was allowed to grow again before finally being extinguished.  The timeline for Experiment 
12 can be found in Table 2.16. 
Table 2.16: Experiment 12 Timeline 
 
2.4.7  Experiment 14 
 Experiment 14 simulated a fire with vertical ventilation and window breakage before 
arrival of the fire crew, with the fire being on the second story of the building.  The ignition 
location was a trash can in bedroom 3.  The ventilation locations were the bedroom 3 window, 
the front door, and the roof vent.  Water was briefly applied to the fire with a straight stream 
pattern through the bedroom 3 window and then the fire was allowed to grow again before 
finally being extinguished.  The timeline for Experiment 14 can be found in Table 2.17. 
 
 
 
 
 
Time Description 
0:00 Ignition 
8:00 Family Room Window Open 
10:00 Front Door Open 
12:15 4 ft by 4 ft Vertical Vent Open 
14:00 Straight Stream into Family Room Window   
16:05 Final Suppression by Firefighting Crew (End of Experiment) 
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Table 2.17: Experiment 14 Timeline 
 
2.4.8  Experiment 16 
 Experiment 16 simulated a kitchen fire with horizontal ventilation.  The ignition location 
was in the kitchen on the counters opposite the family room opening.  The ventilation locations 
were the front door and the family room window.  Water was briefly applied to the fire twice 
with a straight stream pattern and twice with a fog stream pattern.  All water applications were 
through the family room window.  The timeline for Experiment 16 can be found in Table 2.18. 
Table 2.18: Experiment 16 Timeline 
 
Time Description 
0:00 Ignition 
8:35 Bedroom 3 Window Open 
10:00 Front Door Open 
11:00 4 ft by 4 ft Vertical Vent Open 
12:30 Straight Stream into Bedroom 3 Window 
14:45 Final Suppression by Firefighting Crew (End of Experiment) 
Time Description 
0:00 Ignition 
17:00 Family Room Window Open 
21:25 Additional Ignition in Family Room 
27:00 Bedroom 3 Window Open 
28:30 Straight Stream into Family Room Window toward Kitchen 
29:30 Fog Stream into Family Room Window 
31:05 Fog Stream into Family Room Window  
33:30 Straight Stream into Family Room Window 
35:50 Final Suppression by Firefighting Crew (End of Experiment) 
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Chapter 3  
Evaluation of Water Application Tactics 
 
 
3.1  Water Application Results 
 There were 23 instances of water application throughout the 17 experiments where the 
water was applied directly to the fire room.  Of these 23 water applications, 13 occurred in the 
one-story experiments, and the other ten occurred in the two-story experiments.  Eighteen of the 
23 water applications used a straight stream pattern, while the other five water applications used 
a fog stream pattern.  The firefighters were instructed to direct the straight stream water 
applications at the fuel sources within the fire room.  The fog stream was directed into the fire 
room with a 30o spray angle.  Water application lasted between six and seventeen seconds per 
instance of application, except for the 41 second fog stream application in Experiment 13.  The 
flow rate of water for each instance of application was 100 gpm.  Information for all of the 
instances of water application can be found in Table 3.1. 
 One instance of water application was disregarded for the analysis of the effect of water 
on the fire environment.  This water application was the first straight stream applied to the fire in 
Experiment 16.  The reason for its exclusion is that it is the only scenario in which water was 
applied to the structure but not sprayed into the main fire room.  The first straight stream 
application in Experiment 16 occurred while the kitchen and family room were both on fire and 
the water was sprayed into the kitchen.  By comparing the temperature histories of the 
experiments with ignition in the kitchen to the temperature histories of experiments with ignition 
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in the main rooms (living room for one-story and family room for two-story) it is evident by the 
larger temperatures and faster temperature increase in the main room fires, that the main room 
has a much higher heat release rate than the kitchen.  So, the first straight stream into the 
structure in Experiment 16 was excluded from the data sets because it was directed into a 
secondary fire room and not the fire room with the largest heat release rate.  The data from this 
instance of water application is compared to all the other water applications in Sec. 3.12. 
Table 3.1:  Information on Water Application 
Structure Experiment # Stream Type Duration (s) 
One-Story 1 Straight Stream 13 
One-Story 3 Straight Stream 11 
One-Story 5 Straight Stream 17 
One-Story 7 Straight Stream 15 
One-Story 11 Straight Stream 16 
One-Story 13 Straight Stream 6 
One-Story 13 Fog Stream 7 
One-Story 13 Straight Stream 6 
One-Story 13 Fog Stream 41 
One-Story 13 Straight Stream 12 
One-Story 15 Straight Stream 11 
One-Story 15 Fog Stream 13 
One-Story 17 Straight Stream 15 
Two-Story 2 Straight Stream 12 
Two-Story 4 Straight Stream 13 
Two-Story 6 Straight Stream 15 
Two-Story 8 Straight Stream 15 
Two-Story 10 Straight Stream 12 
Two-Story 12 Straight Stream 16 
Two-Story 14 Straight Stream 15 
Two-Story 16 Fog Stream 15 
Two-Story 16 Fog Stream 14 
Two-Story 16 Straight Stream 17 
 
 To measure the effect of water application on the fire environment, the temperature at a 
height of 3 ft. in the center of each room within the structure was measured and recorded the 
second before water application, directly after water application, 10 s after water application, 30 
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s after water application, and 60 s after water application.  The height of 3 ft. was chosen because 
it is near the height of a crawling firefighter, near the height of a passed out occupant, and 
temperature measurements were available at 3 ft. for every room of every experiment.  Most of 
the following analysis will focus on the temperatures in the rooms 60 s after water application, in 
order to ensure the lasting effect water application has on cooling rooms within the structure.  
Section 3.11 will discuss the effect of time on cooling from water application in the rooms within 
a residential fire environment.  Also, every room within the structure with a starting temperature 
under 100oC (373 K) was disregarded in the analysis of the effect of water application.  Since 
temperatures below 100oC do not affect tenability for occupants or firefighters within the 
exposure times of the experiments, the cooling that occurs in these rooms due to water 
application is of little importance [23].  The temperatures in each room before, directly after, 10 s 
after, 30 s after, and 60 s after water application for each application of water in the experiments 
can be found in the Appendix. 
 
3.2  Effect of Water Application:  Fire Room vs. Non-Fire Rooms 
 The effect of water application on cooling varies for the "fire room," i.e. the room where 
the fire burned, and the non-fire rooms.  To measure the effect of cooling the following equation 
was used: 
                              
               
        
    %                       (3.1) 
Where T(60s) is the temperature in the room 60 s after water application and Tinitial is the 
temperature just before water application.  For each instance of water application the percent 
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change was calculated for the fire room and all of the non-fire rooms.  The values for the percent 
change in the fire room and the average percent change in the non-fire rooms can be found in 
Tables 3.2 and 3.3. 
Table 3.2:  Percent Change of Temperature in Fire Rooms and Non-Fire Room for Straight 
Stream Water Application 
Experiment # House Location of Fire 
Duration 
(s) 
Fire Room 
Temp 
Change (%) 
Average Non-Fire 
Room Temp 
Change (%) 
1 1 Living Room 13 -19.91 -16.24 
3 1 Living Room 11 -35.51 -23.90 
5 1 Living Room 17 -61.56 -24.81 
7 1 Living Room 15 -61.88 -25.99 
11 1 Bedroom 1 16 6.14 -25.57 
13 1 Kitchen 6 -47.73 -15.65 
13 1 Kitchen 6 -5.62 N/A 
13 1 Kitchen 12 N/A N/A 
15 1 Living Room 11 -8.40 -21.08 
17 1 Living Room 15 -49.07 -20.46 
2 2 Family Room 12 -25.29 -13.84 
4 2 Family Room 13 N/A -17.44 
6 2 Family Room 15 -61.53 -23.97 
8 2 Family Room 15 -64.35 -15.97 
10 2 Bedroom 3 12 -53.91 -54.79 
12 2 Family Room 16 N/A -13.51 
14 2 Bedroom 3 15 -59.43 -25.54 
16 2 Family Room/Kitchen 17 -15.32 -11.90 
 
Table 3.3:  Percent Change of Temperature in Fire Rooms and Non-Fire Room for Fog Stream 
Water Application 
Exp # House Location of Fire 
Duration 
(s) 
Fire Room 
Temp 
Change (%) 
Average Non-Fire 
Room Temp 
Change (%) 
13 1 Kitchen 7 -9.42 -5.15 
13 1 Kitchen 41 6.53 2.98 
15 1 Living Room 13 -7.83 -15.14 
16 2 Family Room/Kitchen 15 -25.22 -18.88 
16 2 Family Room/Kitchen 14 -12.57 -13.24 
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 Clearly, there is substantially more variability in the temperature changes in the fire 
rooms compared to the relative temperature changes in the non-fire rooms.  The standard 
deviation of the percent change of the temperature in the fire room is 24.7 %, compared to     
10.9 % for the standard deviation of the percent change in temperature of the non-fire rooms.  It 
is also observed that there is a good correlation between the percent change in the fire room 
temperature and the average percent change in the non-fire room temperatures.  The correlation 
coefficient for between those two values is 0.522, which for the sample size of 19 (14 straight 
stream and 5 fog stream applications) has a two-sided p-value of 0.022, which is statistically 
significant.  This relationship is further explained in Sec. 3.8.   
 Another interesting phenomenon to note is that the temperature in the fire room 60 s after 
water application ranges from a 6 % increase in relative temperature to a 64 % decrease in 
relative temperature.  The scenario where the percent change in the fire room temperature is 
small, or even possibly positive, represents the situation where water application barely affects 
the temperature in the fire room.  The straight stream water application in Experiment 15 is a 
perfect example of this.  The temperature before water application was 1096 K, then 10 s, 30 s, 
and 60 s after water application the temperatures in the fire room were 1045 K, 1021 K, and 
1004 K,  respectively.  Even though, the temperature is fairly constant in the fire room in this 
instance of water application, the average non-fire room percent temperature change is -21.08 %.  
So, although the percent change in fire room temperature does correlate with the average percent 
change in non-fire room temperature, there are still instances where the non-fire room 
temperatures drop drastically, while the fire room temperatures remain fairly constant.  One 
possible explanation for this is that the application of water reduced the chemical heat release 
rate in the main fire room, but also reduced the flow of hot gases exiting the main fire room and 
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entering the non-fire rooms, which would reduce the temperatures in the non-fire rooms, but 
maintain the temperature in the fire rooms.  It is difficult to say precisely what occurred inside 
the structure in this case, since flow between rooms was not measured.  The important note from 
this is that water application can result in minimal temperature reduction  in the fire room, while 
also resulting in large temperature reductions in the non-fire rooms. 
 
3.3  Effect of Water Application:  Correlation with Initial Room Temperature 
 What is of primary importance for water application is its effect on the non-fire room 
temperatures.  There are two reasons for this.  First, in these scenarios, by the time water is 
applied, the tenability threshold (150oC for occupants and 260oC for firefighters [24, 25]) has 
been completely surpassed in the fire room for a long period of time, meaning any person in the 
fire room is already deceased.  However, in the non-fire rooms occupants may still be alive due 
to lower temperatures and lower radiative heat fluxes in those compartments.  Second, there is a 
concern within the firefighting community on the effect of water application on pushing the fire 
to other rooms, i.e. non-fire rooms, which will be studied in a systematic manner here and in 
subsequent sections. 
 The data suggests that water application almost always results in large temperature drops 
in the non-fire rooms, and the few cases where the temperatures do increase, the increases are 
minimal (with the exception of Experiment 13 which will be discussed later).  The temperature 
drop in the non-fire rooms also seems to be largely dependent upon the temperature before water 
application.  The relationship between the temperature before water application and the 
temperature drop can be seen in Fig. 3.1, which can be approximated as linear (R2 = 0.83 for 
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one-story and R2 = 0.68 for two-story).  This is not surprising, since the higher the temperature, 
the more potential for cooling in the room.  It should be noted that the data in Fig. 3.1 only 
represents data from the straight stream applications.  The differences between straight streams 
and fog streams will be discussed later in the chapter.  The reduction in non-fire room 
temperature is calculated as Tinitial - T(60s). 
 
Figure 3.1:  Correlation of Temperature Reduction with Start Temperature in Non-Fire Rooms 
(Blue data points and trendline are for the one-story structure, red data points and trendline are 
for the two-story structure) 
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3.4  Effect of Water Application for Straight Streams:  One-Story vs. Two-Story 
Structure 
 After establishing the relationship between the temperature before water application and 
the temperature drop in non-fire rooms, the next step was to determine if there was any statistical 
difference in this relationship between the one-story and two-story structures.  To accomplish 
this task, a multiple linear regression model with a dummy variable was used.  The dummy 
variable in this case was equal to one if the data point was from one-story experiments and zero 
if the data point was from two-story experiments.  In the multiple linear regression, the 
dependant variable was the temperature drop, and the independent variables were the 
temperature before water application, the temperature before water application multiplied by the 
dummy variable, and the dummy variable.  The results of the multiple linear regression are 
presented in Table 3.4 and can be interpreted as follows.  The linear regression equation was: 
                                                           (3.2)   
y = reduction in non-fire room temperature, x = temperature before water application, d = 
dummy variable, bd0 = intercept of data with dummy variable of zero, bd1 = intercept of data with 
dummy variable of 1, md0 = slope of data with dummy variable of zero, md1 = slope of data with 
dummy variable of 1.  Only straight streams were considered in the analysis of this section. 
 In this linear regression the dependent variables are  ,    , and   and they have 
coefficients of   ,          , and          .  In Table 3.4, the coefficients are the values 
assigned to the described variables, while the standard error is the standard deviation for the 
variable.  The t-Stat and p-value are a measure of the statistical significance that the null 
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hypothesis, i.e. that the value of the coefficient could be equal to zero, can be rejected.  Statistical 
significance was set at p < 0.05 for all analyses.   
Table 3.4:  Results of Multiple Linear Regression with Dummy Variable for Comparison of One-
Story Structure with Two-Story Structure 
Variable  Coefficients Standard Error t Stat P-value 
Intercept (K) -58.768 14.643 -4.013 <0.001 
Start Temp (K - 300 K) 0.743 0.066 11.183 <0.001 
Start Temp*Dummy (K - 300 K) 0.040 0.093 0.430 0.668 
Dummy (K) 2.169 21.932 0.099 0.921 
 
 Based on the p-values of the     and the   variables, we are unable to say that there is 
any difference between the regression lines of the one-story and two-story house, i.e we cannot 
reject the hypotheses that             and            , meaning that there is no 
statistically significant difference between the relationship with the start temperature and the 
temperature reduction in non-fire rooms for the different structures.   
 
3.5  Effect of Water Application : First Floor vs. Second Floor 
 The effect of water application on temperature reduction in the second floor of a structure 
compared to the first floor of the structure was also studied.  As seen in Fig. 3.2 the relationship 
between the temperature before water application and the temperature reduction is different 
based on the floor of the room.  Again, only straight streams were considered. 
 Performing a multiple linear regression analysis similar to the one performed to compare 
the relationship for the one-story and two -story structures, with the dummy variable equaling 
one for the first floor and zero for the second floor, yields the following results seen in Table 3.5. 
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Table 3.5:  Results of Multiple Linear Regression with Dummy Variable for Comparison of First 
Floor and Second Floor 
 Variable Coefficients Standard Error t Stat P-value 
Intercept (K) -123.258 16.787 -7.342 <0.001 
Start Temp (K - 300 K) 0.905 0.066 13.634 <0.001 
Start Temp*Dummy (K - 300 K) -0.225 0.129 -1.740 0.088 
Dummy (K) 99.930 26.604 3.756 <0.001 
 
 The p-value of the Dummy variable in Table 3.5 shows that there is a statistically 
significant difference between the y-intercepts of the relationships between the start temperature 
and temperature reduction in the non-fire rooms for first floor and second floor of the structure.  
This means that for the same given start temperature, the first floor will experience 99.93 K more 
cooling than the second floor.  The difference between the slopes of the relationships is not 
actually statistically significant. 
 One possible explanation for the difference between floors in the reduction temperature 
relationship to the start temperature is the effect of radiation.  Figure 3.3 shows the relationship 
of temperature reduction with start temperature for rooms with visual access and rooms without 
visual access.  From Fig. 3.3 it is evident that rooms with visual access typically have larger 
temperature reductions than rooms without visual access for similar start temperatures.  This 
makes sense when one considers that because the rooms are basically isobaric and constant 
volume throughout the experiments, then the internal energy of the gaseous state inside any room 
is constant throughout the experiments, as illustrated by Eq. 3.3, which utilizes the definition of 
internal energy and the equation of state for ideal gases.   
                   
  
  
  
         
  
 
         
  
   for isobaric, isochoric heating and cooling         (3.3) 
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Figure 3.2:  Comparison of Relationship between Start Temperature and Temperature Reduction 
for First and Second Floors of Two-Story Structure.   
(Blue data points and trendline are for the first floor, red data points and trendline are for the 
second floor) 
 
 If the internal energy is constant, the heat entering the room must be equivalent to the 
heat leaving the room.  If the heat entering the room from radiation drastically decreases, which 
is what would occur if the fire room temperature significantly drops, then the heat losses due to 
conduction must also decrease.  The heat transfer due to conduction out through the walls is a 
function of temperature and time and can be approximated with 1-D semi-infinite unsteady heat 
conduction subjected to the surface boundary condition  
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Where Ts is the temperature at the surface of the wall, Tg is the temperature of the gases in the 
room, and t is time. The heat loss due to conduction increases with increasing Ts and Ts increases 
with increasing Tg. So, one would expect rooms with a significant radiant heat flux from the fire 
to have larger drops in heat losses due to conduction, which corresponds to larger drops in gas 
temperatures, and as the gas cools, mass must flow into the non-fire room so that the internal 
energy remains constant.  This mass will be coming from the fire room, adjacent rooms, and 
ultimately the environment, and will be cooler gases.  These cooler gases will absorb enthalpy 
from the hotter gases in the room, further lowering the temperature of the hot gases. 
 Another explanation for smaller temperature reductions in the second floor is due to the 
natural convection of the hot gases from the main fire room to the upper floor.  When the fire is 
partially extinguished by the application of water, it produces fewer gases.  When the fire 
produces a large amount of gas, the gases flow into the top of the structure, but because of the 
limited volume that can be filled in the top of the structure, large amounts of hot gases also fill 
the lower parts of the structure.  Therefore, when the production of gases decreases, the flow of 
hot gases to the lower rooms will be reduced more than the reduction of hot gases flowing into 
the upper rooms. 
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Figure 3.3:  Effect of Radiation on Temperature Reduction Relationship with Start Temperature  
(Blue data points represent rooms without visual access to the main fire room.  Red data points 
represent rooms with visual access.) 
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the cooling capabilities between straight stream and fog stream water applications, particularly at 
higher initial temperatures.   
 
Figure 3.4:  Comparison of the Cooling Effects of Fog Stream and Straight Stream Water 
Application for Non-Fire Rooms (Blue data points and trendline represent fog stream 
applications.  Red data points and trendline represent straight stream applications.) 
 
 
 To test the significance of this difference, a multiple linear regression analysis similar to 
the regression analysis for one-story vs. two-story and first floor vs. second floor comparisons 
was performed, with the dummy variable being one if fog stream and zero if straight stream.  
The only data points that will be used for this regression will be data points from experiments 
0 
50 
100 
150 
200 
250 
300 
350 
400 
0 100 200 300 400 500 600  R
e
d
u
ct
io
n
 in
 A
d
ja
ce
n
t 
R
o
o
m
 T
e
m
p
e
ra
tu
re
 (K
) 
Adjacent Room Start Temperature (K - 300 K) 
46 
 
where both fog streams and straight streams were used, i.e. Experiment 13, 15, and 16.  The 
results of the regression analysis can be found in Table 3.6. 
Table 3.6:  Results of Multiple Linear Regression with Dummy Variable for Comparison of 
Straight Stream and Fog Stream 
 Variable Coefficients Standard Error t Stat P-value 
Intercept (K) -42.004 14.158 -2.967 0.005 
Start Temp (K - 300 K) 0.646 0.062 10.509 <0.001 
Start Temp*Dummy (K - 300 K) -0.213 0.083 -2.552 0.015 
Dummy (K) 22.688 20.489 1.107 0.275 
 
 The fact that the dummy is not significant indicates that the difference in the y-intercept 
between the regression of initial temperature with temperature reduction in the non-fire rooms 
between the straight stream and fog stream is not statistically significant.  However, the Start 
Temp*Dummy variable is significant, suggesting the different nozzle settings have different 
effects on cooling as the Start Temperature increases.  This shows that the fog stream is less 
effective than the straight stream in cooling down the non-fire rooms, since the slope of the 
regression for the straight stream applications is 0.213 larger than the slope of the regression for 
the fog stream regression. 
 This difference can be explained by considering the causes involved in cooling a room 
upon water application.  The room can be cooled in a number of ways.  One of those ways is 
through the absorption of enthalpy by the water, both in heating the water and vaporizing the 
water.  This is the method of cooling that the fog stream would be more effective at, since it 
provides a large surface area for the gases in the room to heat the water.  However, if this were a 
dominant effect, then one would expect a large amount of enthalpy to be absorbed by the water 
through the process of vaporization.  The specific volume of steam is approximately 1700 times 
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larger than the specific volume of water.  So, if water  were being vaporized, then there would be 
massive volumetric expansion of the gaseous state.  The structure though is of constant volume 
and also isobaric, which means that this rapid volumetric expansion must be manifested through 
the rapid exiting of gases out of the control volume, i.e. the structure.  The velocity 
measurements at the ventilation locations, shown in Figs. 3.5-3.7 do not support this assertion.  
Velocity data from experiment 4 are shown in Figs. 3.5 and 3.6, and data from Experiment 13 
are shown in Fig. 3.7.  These velocity measurements actually show that the rate at which mass 
exits the structure actually decreases with the introduction of water.  This can be explained by 
differentiating the equation of state for a gas with respect to time, which shows that for constant 
volume, constant pressure cooling, the mass within the control volume must increase. 
                                                                   
  
  
  
   
   
  
  
                                                            (3.5) 
(R is the gas constant for air, m is the mass of the air, P is pressure, V is volume, T is 
temperature, and t is the time.) 
 This mass must then be drawn from the outside environment, which is near ambient 
temperature.  As this gas flows into the structure, it will absorb enthalpy from the higher 
temperature gases already in the structure, resulting in a decrease in the temperature of the hot 
gases.   
 The main reason for cooling is not absorption of enthalpy by the water, but reduction of 
chemical heat release rate due to extinguishment by the water.  As already mentioned, the 
internal energy within any fixed arbitrary control volume within the structure is constant because 
of the isobaric conditions within the structure.  This means that the heat entering any control 
volume must be equivalent to the heat generated within the control volume and the heat exiting 
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the control volume.  For the control volume that contains the chemical heat release rate the 
following equation can be written. 
                                                                                                                                  (3.6) 
Extinguishment would signify a sharp decrease in the chemical heat release rate which means 
either the heat leaving the control volume must decrease, the heat entering the control volume 
must increase (increased flow into the fire room from environment and from the non-fire rooms), 
or both.  This is part of the reason that reducing the chemical heat release rate will reduce the 
temperatures in the surrounding rooms, since the heat flow from the main fire room to the other 
rooms will decrease, causing cooling, which will in response cause the flow of cold gases from 
nearby rooms to flow into the non-fire rooms, which will lead to even further reduction of 
temperatures. 
 These results suggest that straight stream application of water is more effective because 
of its ability to extinguish the chemical reactions within a structure, whereas the advantage of the 
fog stream in absorbing enthalpy through heating and vaporization of water is negligible based 
on the velocity at the ventilation locations.  Figure 3.4 does indicate that the fog stream and 
straight stream are different for the larger initial temperatures, but for lower initial temperatures, 
the data are less convincing.  Further research should be performed to assess if straight stream 
water application leads to more cooling than fog stream water application for all initial room 
temperatures, or only higher initial room temperatures. 
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Figure 3.5:  Front Door Velocities in Experiment 4 (Purple, black, green, red, and blue are the 
velocities in the centerline of the doorway from the top (purple) to bottom (blue)) 
 
Figure 3.6:  Roof Vent Velocities in Experiment 4 
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Figure 3.7:  Front Door Velocities in Experiment 13 (Purple, black, green, red, and blue are the 
velocities in the centerline of the doorway from the top (purple) to bottom (blue)), (FS = Fog 
Stream, SS = Straight Stream) 
   
3.7  Effect of Water Application:  Impact of Duration 
 The duration of the water application in the experiments range from 6 s to 17 s.  In order 
to determine if the duration of water application affects the temperature reductions in the non-fire 
rooms, a multiple linear regression model was used with temperature reduction as the dependant 
variable and start temperature in the non-fire room (K - 300 K) and duration as the independent 
variables.  Only straight stream data points were included in the regression, since straight stream 
was shown to be better at cooling the non-fire rooms.  The results of the multiple linear 
regression can be found in Table 3.7. 
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Table 3.7:  Multiple Linear Regression Results for Measuring Effect of Duration of Water 
Application 
 Variable Coefficients Standard Error t Stat P-value 
Intercept (K) -85.648 26.891 -3.185 0.002 
Start Temp (K -300 K) 0.777 0.046 16.752 <0.001 
Duration (s) 1.754 1.688 1.039 0.301 
 
 The regression analysis shows that the duration of the stream applied to the structure is 
not statistically significant in determining the temperature reduction in the non-fire rooms.  This 
suggests that within the duration regime of 6-17 s that there is not a statistically significant effect 
on the amount of cooling based on the duration of the water application.  It should be 
emphasized that these results only hold within the duration regime of 6-17 s.  This result is 
consistent with the suggestion that cooling is primarily a result of reduced chemical heat release 
rate, since, if the absorption of enthalpy by water was an important factor, then one would expect 
a correlation between the amount of water sprayed into the fire room and the temperature 
reduction observed.  This result also suggests that there is little difference between the amount of 
extinguishment of fire for a 17 s water application or a 6 s water application.  In other words, this 
result suggests most of the extinguishment that occurs happens in the first few seconds of the 
water application.  Further experiments should be conducted to confirm this result.   
 
3.8  Effect of Water Application:  Impact of Fire Room Temperature Change 
 Similar to measuring the impact of duration of water application on temperature 
reduction in the non-fire room, multiple linear regression can also be used to measure the effect 
of the temperature change in the fire room on the temperature reduction in the non-fire rooms.  
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The dependant variable of the multiple linear regression is the temperature reduction in the non-
fire rooms.  The independent variables are the start temperature of the non-fire room (K - 300 K) 
and the percent change in the fire room temperature determined from Eq. 3.1.  The results of the 
regression can be found in Table 3.8. 
Table 3.8:  Multiple Linear Regression Results for Measuring Effect of Fire Room Temperature 
Change on Temperature Reduction in Non-Fire Rooms 
 Variable Coefficients Standard Error t Stat P-value 
Intercept (K) -79.127 15.537 -5.093 <0.001 
Start Temp (K -300 K) 0.768 0.049 15.533 <0.001 
Fire Room Temp Change (%) -0.812 0.231 -3.517 0.001 
 
 This regression analysis shows that there is a statistically significant effect of the percent 
change in the fire room on the temperature reduction in the non-fire rooms.  This makes sense 
intuitively because the larger the temperature drop in the fire room, the larger the convective heat 
flow decreases from the fire room to the non-fire rooms.  Also, for non-fire rooms with visual 
access to the fire room, a large decrease in fire room temperature leads to a decrease in the 
radiative heat flow into those non-fire rooms. 
 
3.9  Effect of Water Application:  Time Dependence of Non-Fire Room Cooling  
 The temperature reductions in the non-fire rooms have been shown to depend upon the 
temperature before application of water and the percent change in the temperature in the fire 
room.  These relationships were shown for one instance in time, specifically 60 seconds after the 
end of water application (Figure 3.4).  The cooling of the non-fire rooms could also depend upon 
the time after water application and this dependence could be different for fog streams and 
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straight streams.  To determine the dependence temperature reduction has on the time after 
application, the temperature reductions in the non-fire rooms were plotted against the start 
temperatures for the times directly after water application, 10 s after water application, and 30 s 
after water application.  These plots can be seen in Figs. 3.8-3.10, respectively.  The data used 
were from experiments with fog stream and straight stream water applications. 
 Figs. 3.8-3.10 show that the fog stream cools the non-fire rooms more than the straight 
stream for times  shortly after the end of water application.  The likely explanation for this result 
is because the enthalpy absorption of the water has a short term effect in cooling the non-fire 
rooms.  However, based on the statistically significant difference between the fog stream and 
straight stream temperature reductions found for 60 seconds after water application, this effect is 
eventually reduced and the effect of reducing the chemical heat release rate begins to dominate, 
and the straight stream is more effective at extinguishing the chemical reactions.  This result is 
further shown in Figs. 3.11 and 3.12.  In Fig. 3.11, the temperature reduction is plotted against 
the non-fire room start temperature for straight stream applications at different times and linear 
trend lines are shown for those data.  From this plot it is evident that the temperature reductions 
increase as time after the end of water application elapses.  Whereas, in Fig. 3.12, an analogous 
plot to Fig. 3.11 except for the fog stream water applications, the temperature reductions stay 
fairly constant as time elapses and actually begin to decrease from 30 s after water application to 
60 s after water application. 
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Figure 3.8:  Temperature reductions in non-fire rooms for directly after the end of water 
application (Blue data points and line represent fog stream applications.  Red data points and line 
represent straight stream applications) 
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Figure 3.9:  Temperature reductions in non-fire rooms 10s after the end of water application 
(Blue data points and line represent fog stream applications.  Red data points and line represent 
straight stream applications) 
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Figure 3.10:  Temperature reductions in non-fire rooms 30s after the end of water application 
(Blue data points and line represent fog stream applications.  Red data points and line represent 
straight stream applications) 
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Figure 3.11:  Temperature reductions in non-fire rooms for straight stream applications at 
different times after water application 
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Figure 3.12:  Temperature reductions in non-fire rooms for fog stream applications at different 
times after water application 
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that directly after the application of water the temperature in non-fire rooms barely changed for 
the straight stream applications.  The largest increase in temperature after water for any straight 
stream application in any experiment was 12.3 K in Bedroom 2 during Experiment 1.  This 
-200 
-100 
0 
100 
200 
300 
400 
500 
0 100 200 300 400 500 600 700 
R
e
d
u
ct
io
n
 in
 A
d
ja
ce
n
t 
R
o
o
m
 T
e
m
p
e
ra
tu
re
 (
K
) 
Non-Fire Room Start Temperature (K - 300) 
Linear (Immediately After Water 
Application) 
Linear (10 s After Water 
Application) 
Linear (30 s After Water 
Application) 
Linear (60 s After Water 
Application) 
59 
 
temperature increase can be attributed to heating from the main fire room and the fact that the 
cooling effects of water application take time to have an effect, it is not attributable to the 
"pushing" fire effect.  This 12.3 K increase likely would have occurred even without the 
application of water due to the natural growth of the fire. 
 Fog stream application did present the possibility of pushing the fire.  This can be seen in 
Fig. 3.8, where in one of the non-fire rooms, the application of water led to a 133 K increase in 
temperature at the 3 ft. level.  The effect of pushing fire is better shown in Fig. 3.13.  Upon 
application of water in Experiment 13, the temperature in most the rooms remains constant, but 
in the dining room (DR), the temperature actually rapidly increases. 
 
Figure 3.13:  The Effect of Fog Streams on Pushing Fire (BR1 = Bedroom 1, BR2 = Bedroom 2, 
BR3 = Bedroom 3, DR = Dining Room, HW = Hallway, K = Kitchen, LR = Living Room, FD = 
Front Door, SS = Straight Stream, FS = Fog Stream) 
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 This pushing heat effect, which presents the possibility of pushing fire, can be explained 
by the increased pressure it induces in the top layer of the fire room, which will force those hot 
gases into an adjacent room with lower pressure, while the cooler, lower gases in that adjacent 
room will flow into the fire room, due to mass and energy conservation.  Fig. 3.14 shows the 
increase in pressure in the kitchen (blue line), which is the fire room , upon the second 
application of the fog stream (FS into FD).  Other water applications show brief spikes in 
pressure, however, the second fog stream application is the only instance with a sustained 
pressure increase in the kitchen. 
Figure 3.14:  Increase in Pressure in the Top Layer with Fog Stream Application (Blue line 
represents the pressure in the Kitchen.  Red line represents the pressure in Bedroom 2) 
 
 The reason behind this pressure increase is likely due to the entrainment of air in the fog 
stream spray into the kitchen.  This entrainment of air results in bulk fluid motion into the 
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kitchen.  This bulk fluid motion through one of the openings of the kitchen results in an increase 
in pressure.  The hot gases then flow from high pressure to low pressure, which means they 
begin to exit the other opening in the kitchen, which leads to the dining room.  These hot gases 
then increase the temperature in the dining room and this is what is observed in Fig. 3.13.  This 
also explains why straight stream application does not have the same effect of increasing 
pressure, because the small area of the straight stream water stream will entrain almost no 
surrounding gas.  This means there will not be pressure increases in the fire room that force the 
hot gases into adjacent rooms.  This possible effect of pushing the fire due to fog stream 
application is another reason that straight stream application is the better method of putting water 
into a fire room. 
 
3.11  Applying Water to the Smaller Heat Release Rate Room 
 In Experiment 16, water was applied to the kitchen while there was fire in both the 
kitchen and family room.  This water application did result in a 6.9% decrease in the temperature 
in the kitchen and a 13.2% decrease in the temperature in the family room.  However, while 
several of the non-fire rooms actually saw temperature increases, the largest being 5%, after 
water application, on average, the temperature in the non-fire rooms remained basically constant.  
This result highlights the importance of applying water to the room with the largest heat release 
rates, since the major effect of cooling is due to extinguishment of fire more so than the 
absorption of enthalpy by the water.  
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Chapter 4  
Tenability 
 
 
4.1  Introduction 
 Tenability, which is the survivability of occupants and firefighters in the fire 
environment, is the primary concern for any firefighting operation.  It is helpful to understand the 
circumstances that can lead to untenability within fires.    In this chapter, times to untenability, 
which is the time available for a person to escape the fire environment before incapacitation or 
death occurs, will be determined based on the collected experimental data for both occupants and 
firefighters.  For occupants, the effect of both heat and carbon monoxide poisoning on tenability 
will be examined.  For firefighters, the effect of heat and the threat of flashover on tenability will 
be examined. 
 
4.2  CO Tenability 
 In residential fires, smoke and CO inhalation is a major cause of fatalities, primarily due 
to carbon monoxide poisoning [27].  According to [27], in 2007 there were 3,290 deaths in home 
fires.  Based on the autopsy data, 1,610 (49%) were due to smoke inhalation, 750 (23%) were 
due to both burns and smoke inhalation, and only 870 (26%) were due to only burns.  Historical 
data shows that more fatalities in home fires are due to smoke inhalation than burns and thus, 
occupant risk due to CO inhalation, as well as other fire gases, must be considered. 
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 In the experiments studied in this thesis, measurements of the concentrations of oxygen, 
carbon monoxide, and carbon dioxide were performed.  To determine the tenability conditions 
based on the concentration measurements, the International Standard (ISO 13571 - 2007) was 
used [23].  This standard calculates the cumulative effect of carbon monoxide poisoning in a fire 
environment based on the time of exposure and the mole fraction of CO.  This is done in terms of 
the fractional effective concentration (FEC), which corresponds to percentage of occupants 
expected to have reached untenability at that time due to cumulative carbon monoxide inhalation.  
A log-normal distribution with a median of 1.0 was used for the FEC values.  The two values of 
FEC that we will use to calculate times to untenability are FEC = 0.3 and FEC = 1.0, which 
correspond to 11.4 % and 50 % of occupants reaching untenability, respectively.  The equations 
used to calculate the FEC values at each time  were experimentally determined by [23] and are 
given by Eq. 4.1 and Eq. 4.2. 
                                                                               
       
 
                                             (4.1) 
                                                                            
      
   
                                                        (4.2) 
Where      is a frequency factor to account for the increased rate of breathing due to carbon 
dioxide,         and        are the mole fractions (%) of carbon dioxide and carbon monoxide, 
and    is the time increment of the measurements made in the experiments in minutes (1/60 for 
every experiment).  The uncertainty in Eq. 4.1 is   20 % and the uncertainty in Eq. 4.2 is           
  35 % [23].  Examples of CO and CO2 concentrations from the one-story structure can be 
found in Figs. 4.1-4.2, and for the two-story structure in Figs. 4.3-4.4.  The times to untenability 
for every room in every experiment where the gas concentrations were measured for both FEC = 
0.3 and FEC = 1.0 can be found in Tables 4.1-4.4. 
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Figure 4.1:  CO Measurements in One-Story Structure from Experiment 7 
 
Figure 4.2:  CO2 Measurements in the One-Story Structure from Experiment 7 
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Figure 4.3:  CO Measurements in Two-Story Structure from Experiment 8 
 
 
Figure 4.4:  CO2 Measurements in Two-Story Structure from Experiment 8 
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Table 4.1:  Time to Untenability in One-Story Experiments for FEC = 0.3 (N/A means 
untenability was not reached) 
 LR @ 3 ft 
(mm:ss) 
BR1 @ 3 ft 
(mm:ss) 
BR2 @ 3 ft 
(mm:ss) 
BR3@ 3 ft 
(mm:ss) 
Experiment 1 05:29 06:14 05:32 N/A 
Experiment 3 05:30 06:44 05:29 N/A 
Experiment 5 04:40 06:02 Equipment Malfunction N/A 
Experiment 7 05:06 06:24 05:57 N/A 
Experiment 9 05:37 04:01 04:40 11:16 
Experiment 11 06:06 Equipment Malfunction 05:09 N/A 
Experiment 13 12:38 10:37 09:48 19:06 
Experiment 15 05:39 05:32 05:24 13:41 
Experiment 17 27:10 23:14 23:06 N/A 
 
Table 4.2:  Time to Untenability in One-Story Experiments for FEC = 1.0 
 LR @ 3 ft 
(mm:ss) 
BR1 @ 3 ft 
(mm:ss) 
BR2 @ 3 ft 
(mm:ss) 
BR3@ 3 ft 
(mm:ss) 
Experiment 1 05:49 06:50 05:54 N/A 
Experiment 3 05:50 08:03 05:53 N/A 
Experiment 5 05:00 07:06 Equipment Malfunction N/A 
Experiment 7 05:26 07:08 07:04 N/A 
Experiment 9 07:16 04:21 06:06 N/A 
Experiment 11 07:26 Equipment Malfunction 06:11 N/A 
Experiment 13 14:51 11:54 11:54 N/A 
Experiment 15 06:09 06:03 05:51 19:33 
Experiment 17 33:53 29:09 29:04 N/A 
 
Table 4.3:  Time to Untenability in Two-Story Experiments for FEC = 0.3 
 FD @ 3 ft 
(mm:ss) 
BR1 @ 3 ft 
(mm:ss) 
BR2 @ 3 ft 
(mm:ss) 
BR3@ 3 ft 
(mm:ss) 
Experiment 2 07:55 09:43 N/A 09:06 
Experiment 4 09:28 10:43 N/A 10:25 
Experiment 6 08:49 10:08 N/A 10:00 
Experiment 8 09:51 10:48 N/A 10:36 
Experiment 10 N/A 05:07 17:31 03:56 
Experiment 12 09:29 08:42 N/A 08:21 
Experiment 14 N/A 05:14 12:37 04:00 
Experiment 16 17:08 15:39 22:19 16:02 
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Table 4.4:  Time to Untenability in Two-Story Experiments for FEC = 1.0 
 FD @ 3 ft 
(mm:ss) 
BR1 @ 3 ft 
(mm:ss) 
BR2 @ 3 ft 
(mm:ss) 
BR3@ 3 ft 
(mm:ss) 
Experiment 2 11:10 12:36 N/A 11:46 
Experiment 4 12:55 13:32 N/A 13:22 
Experiment 6 11:54 12:40 N/A 12:42 
Experiment 8 12:04 12:52 N/A 12:35 
Experiment 10 N/A 05:55 N/A 04:18 
Experiment 12 12:11 11:23 N/A 10:50 
Experiment 14 N/A 05:56 N/A 04:20 
Experiment 16 26:22 18:11 32:14 18:54 
 
  It should be mentioned that the times reported in Tables 4.1 and 4.2 are longer than the 
actual times, since the gas measurements of CO and CO2 were saturated at molar fractions of 1% 
and 10%, respectively, for the equipment used in the experiments.  Figs. 4.1 and 4.2 show that 
these limits were reached in the one-story structure.  The limits being reached for the CO and 
CO2 measurements means that the mole fraction values used to calculate the times to untenbaility 
were lower than the actual values in the experiments, and based on the sharp rise seen in the CO 
measurements plot, and the duration of the CO measurement being saturated, it is entirely 
feasible that the difference between the measured and actual values could be large. 
 In the two-story structure, the gas measurement instrumentation did not reach saturation 
levels, so the estimated times to untenability are likely to be more accurate.  This is evident in 
Figs. 4.3 and 4.4, which show the CO and CO2 measurements respectively for Experiment 8 that 
had a similar experimental procedure to Experiment 7.  The largest recorded mole fraction of CO 
in Experiment 8 was less than 0.8%, which is below the saturation limit of 1%.  Similarly, the 
largest recorded molar fraction of CO2 in Experiment 8 was below the saturation limit of 10%.  
This implies that the tenability times for the two-story structure are more accurate than the 
tenability times in the one-story structure. 
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 The measurements were performed by extracting the gases from the houses to the 
measuring equipment.  Therefore, in future work, the measurement samples could be diluted to 
prevent the saturation limits from being reached. 
 The data in Tables 4.1-4.4 show that carbon monoxide poisoning is a very serious 
concern in regards to occupant tenability during fires.  In the one-story structure, for experiments 
where ignition occurred in the bedroom or living room, untenability was reached in every room 
other than the room with the door closed before the ventilation of the front door.  The average 
time to untenability in the living room, bedroom 1, and bedroom 2 was 5 min. 32s and 6 min. 17s 
for the FEC criteria of 0.3 and 1.0, respectively.  This implies that before firefighters are even 
able to enter the structure for search and rescue, it is likely that at least 50% of the occupants 
inside the structure have already reached untenability.  In the two-story structure, experiments 
with ignition initially in the family room (2, 4, 6, 8, 12), had average times to untenability of 9 
min. 36s and 12 min. 18s for FEC criteria of 0.3 and 1.0, respectively, in bedroom 3, bedroom 1, 
and at the front door.  This shows that the time to untenability in the two-story structure is longer 
than in the one-story structure for similar fuel loads.  This is mainly due to two reasons.  The first 
reason is that for the same amount of CO generation in the two fires, the two-story structure will 
have a smaller CO volume % because of the larger volume of the compartment.  The second 
reason is that, because of the larger volume in the two-story structure, there is more oxygen 
available to the fire.  Figures 4.5 and 4.6 show the oxygen concentration in the Experiments 7 
and 8, respectively.  Comparing Figs. 4.5 and 4.6 with Figs. 4.1 and 4.3 shows that CO 
generation coincides with the reduction of oxygen in the structure.  As the fire becomes more 
oxygen-limited, the amount of CO generated in the combustion process begins to increase.  
Figure 4.5 shows a rapid decrease of oxygen in the living room around 4 min. 30s of Experiment 
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7, which is the same time that a sharp increase is seen in CO concentration in Fig. 4.1.  Figures 
4.3 and 4.6 show the same trend with the oxygen reduction and CO increase occurring at 
approximately 6 min. into Experiment 8.  Figures 4.5 and 4.6 not only explain the time at which 
CO begins to be generated in the structure, but also the rate of CO generation.  Experiment 7 has 
a much larger and faster decrease in oxygen in the compartment then does Experiment 8, which 
explains the faster and larger rise in CO observed in the one-story structure compared with the 
two-story structure.   This correlation between CO generation and oxygen depletion in the fire 
environment is expected, since as the oxygen supply is reduced, the combustion process and the 
resulting products begin to change within the structure, leading to an increase in CO and other 
toxins within the fire environment. 
 The data in Tables 4.3 and 4.4 also show that fires in two-story structures with ignition in 
the upper floor (Experiments 10 and 14) behave similarly to one-story structure fires, with 
regards to CO untenability.  This can be explained by the buoyant nature of the combustion 
products, which results in the smoke from fires beginning on the second floor to remain near the 
second floor creating a fire environment where the smoke is only in the top floor of the two story 
structure.  The average times to untenability in bedroom 3 and bedroom 1 for Experiments 10 
and 14 were 4 min. 34s and 5 min. 7s for FEC criteria of 0.3 and 1.0, respectively.  These times 
are very similar to the times found in the one-story structure.  It is interesting that for fires in the 
upper level of a two-story structure, untenability due to CO generation is not a concern on the 
lower level, since untenability was never reached at the front door in either Experiment 10 or 
Experiment 14.  This is also explained by the buoyant motion of the combustion products.  
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Figure 4.5:  Oxygen Measurements in One-Story Structure from Experiment 7 
 
Figure 4.6:  Oxygen Measurements in Two-Story Structure from Experiment 8 
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  From the data in Tables 4.1-4.4, it is also evident that CO generation is slower and 
smaller in the kitchen fires, Experiments 13 and 16.  In comparison to the experiments with 
ignition in the main room (living room for one-story and family room for two-story), the times to 
untenability were much larger for the kitchen fires, with the average time to untenability being, 
on average, 5 min. 26s longer in the one-story structure and, on average, 6 min. 40s longer in the 
two-story structure for FEC criteria of 0.3.  This shows the increased toxicity of the combustible 
materials present in the living room and family room compared with typical kitchen 
combustibles. 
 The times to untenability found in Tables 4.1-4.4 also show the prolonged tenability for 
occupants in compartments with closed doors.  Bedroom 3 of the one-story structure and 
bedroom 2 of the two-story structure both had the bedroom doors closed for the duration of the 
experiments.  This led to drastically larger times to untenability and, in most cases, especially for 
the FEC criteria of 1.0, untenability was never reached.  This shows that if occupants are trapped 
within a structure it is very important that they attempt to close themselves off from the fire room 
and its combustion products. 
 The final conclusion from the data in Tables 4.1 and 4.2 is the increasing toxicity of 
modern furniture compared with legacy furniture.  Experiment 17 was the only experiment to use 
older furniture with less synthetic materials.  The average times to untenability for Experiment 
17 were 24:30 and 30:42 for FEC criteria of 0.3 and 1.0, respectively.  This is an increase in 
tenability time of around 20 minutes compared to Experiment 1, which was tactically identical to 
Experiment 17, though with modern furnishings in the living room of the one-story structure. 
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4.3 Thermal Tenability 
 Clearly, the temperatures in a residential fire present dangers to occupants and 
firefighters.  Determining the times to untenability for occupants requires considering the effects 
of convection and radiation.  The international standard (ISO-13571-2007) gives an equation for 
the fractional effective concentration for occupants in the fire environment that can be used to 
determine the times to untenability.  The fractional effective concentration calculation for 
radiation and convection requires temperature and radiative heat flux data and was 
experimentally determined by [23] to be: 
        
     
       
 
    
    
   
                                            (4.3) 
T is the temperature near the occupant in degrees Celsius and qrad is the radiative heat flux in 
kW/m2.  Equation 4.3 only applies for temperatures greater than 120oC and heat fluxes greater 
than 2.5 kW/m2.  The determination of the heat flux in each room is based on the analysis that 
can be found in the Section 4.5.   
 Tenability times for firefighters will be calculated based on a temperature threshold 
criterion of 260oC [25].  This time will also be compared to the time to flashover to determine 
the time available for a firefighter to escape in the quickly deteriorating fire environment. 
 
4.3.1 Results for Fires in One-Story Structure 
 The times to untenability (FEC = 0.3 and 1.0) for occupants in every room of the one-
story structure at heights of 1 ft., 3 ft., and 5 ft. can be found in Table 4.5-Table 4.10.  The 
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heights were chosen to match an occupant lying on the floor (1 ft.), crawling on the floor (3 ft.), 
and standing in the room (5 ft.). 
Table 4.5: One-Story, h = 1 ft. Occupant Times to Untenability, FEC = 0.3 (N/A means 
untenability was never reached) 
 
Living 
Room 
Bedroom 
1 
Bedroom 
2 
Bedroom 
3 
Hallway 
Dining 
Room 
Kitchen 
Firefighter 
Arrival 
Exp 1 05:08 N/A N/A N/A 05:11 11:11 12:18 8:00 
Exp 3 05:12 N/A N/A N/A 05:14 14:43 14:37 8:00 
Exp 5 04:23 09:59 N/A N/A 04:22 N/A N/A 8:00 
Exp 7 04:45 N/A N/A N/A 05:04 N/A N/A 8:00 
Exp 9 N/A 03:15 N/A N/A 12:58 N/A N/A 8:00 
Exp 11 N/A 03:35 N/A N/A 06:37 N/A N/A 6:00 
Exp 13 N/A N/A N/A N/A N/A N/A 10:48 10:00 
Exp 15 04:32 N/A N/A N/A 04:29 09:09 09:07 6:00 
Exp 17 32:08 N/A N/A N/A 27:02 N/A 33:55 24:00 
 
Table 4.6: One-Story, h = 3 ft. Occupant Times to Untenability, FEC = 0.3 
 
Living 
Room 
Bedroom 
1 
Bedroom 
2 
Bedroom 
3 
Hallway 
Dining 
Room 
Kitchen 
Firefighter 
Arrival 
Exp 1 04:40 11:29 07:00 N/A 04:54 05:32 05:29 8:00 
Exp 3 04:36 14:27 07:17 N/A 04:44 05:28 05:36 8:00 
Exp 5 03:51 05:05 05:57 N/A 03:55 04:33 04:38 8:00 
Exp 7 04:15 10:55 06:18 N/A 04:35 05:03 05:08 8:00 
Exp 9 N/A 02:59 16:16 N/A 03:18 N/A N/A 8:00 
Exp 11 07:34 03:04 07:29 N/A 03:34 N/A N/A 6:00 
Exp 13 12:00 N/A N/A N/A 12:20 12:04 07:32 10:00 
Exp 15 04:09 09:40 04:58 N/A 04:18 04:41 04:47 6:00 
Exp 17 26:28 33:17 29:13 N/A 26:28 30:58 31:28 24:00 
 
Table 4.7: One-Story, h = 5 ft. Occupant Times to Untenability, FEC = 0.3 
 
Living 
Room 
Bedroom 
1 
Bedroom 
2 
Bedroom 
3 
Hallway 
Dining 
Room 
Kitchen 
Firefighter 
Arrival 
Exp 1 04:13 05:26 05:20 N/A 04:26 04:55 05:04 8:00 
Exp 3 04:01 05:32 05:26 N/A 04:11 04:53 05:06 8:00 
Exp 5 03:20 04:29 04:28 N/A 03:27 04:01 04:11 8:00 
Exp 7 03:49 05:09 05:04 N/A 03:59 04:31 04:41 8:00 
Exp 9 03:38 02:37 05:16 N/A 03:01 N/A N/A 8:00 
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Exp 11 03:51 02:14 05:16 N/A 03:06 07:28 N/A 6:00 
Exp 13 11:35 N/A 13:51 N/A 11:47 10:05 07:13 10:00 
Exp 15 03:27 04:47 04:38 N/A 03:42 04:19 04:29 6:00 
Exp 17 19:50 29:12 27:17 N/A 26:16 26:25 27:59 24:00 
 
Table 4.8: One-Story, h = 1 ft. Occupant Times to Untenability, FEC = 1.0 
 
Living 
Room 
Bedroom 
1 
Bedroom 
2 
Bedroom 
3 
Hallway 
Dining 
Room 
Kitchen 
Firefighter 
Arrival 
Exp 1 05:29 N/A N/A N/A 05:31 N/A N/A 8:00 
Exp 3 05:40 N/A N/A N/A 05:52 15:42 N/A 8:00 
Exp 5 04:45 10:15 N/A N/A 04:49 N/A N/A 8:00 
Exp 7 05:07 N/A N/A N/A 10:30 N/A N/A 8:00 
Exp 9 N/A 03:32 N/A N/A 13:34 N/A N/A 8:00 
Exp 11 N/A 03:58 N/A N/A 07:19 N/A N/A 6:00 
Exp 13 N/A N/A N/A N/A N/A N/A 11:13 10:00 
Exp 15 04:40 N/A N/A N/A 04:42 09:41 09:52 6:00 
Exp 17 32:15 N/A N/A N/A 32:58 N/A N/A 24:00 
 
Table 4.9: One-Story, h = 3 ft. Occupant Times to Untenability, FEC = 1.0 
 
Living 
Room 
Bedroom 
1 
Bedroom 
2 
Bedroom 
3 
Hallway 
Dining 
Room 
Kitchen 
Firefighter 
Arrival 
Exp 1 04:56 N/A 11:52 N/A 05:04 06:19 06:35 8:00 
Exp 3 04:57 N/A 14:31 N/A 05:04 06:00 11:41 8:00 
Exp 5 04:10 09:33 11:18 N/A 04:13 05:04 05:12 8:00 
Exp 7 04:33 N/A 11:02 N/A 04:50 05:26 05:35 8:00 
Exp 9 N/A 03:08 N/A N/A 03:43 N/A N/A 8:00 
Exp 11 08:29 03:19 N/A N/A 04:00 N/A N/A 6:00 
Exp 13 12:24 N/A N/A N/A 13:16 12:22 08:02 10:00 
Exp 15 04:25 10:36 08:50 N/A 04:25 04:56 05:05 6:00 
Exp 17 26:59 N/A 32:53 N/A 26:44 32:38 33:03 24:00 
 
Table 4.10: One-Story, h = 5 ft. Occupant Times to Untenability, FEC = 1.0 
 
Living 
Room 
Bedroom 
1 
Bedroom 
2 
Bedroom 
3 
Hallway 
Dining 
Room 
Kitchen 
Firefighter 
Arrival 
Exp 1 04:29 05:53 05:45 N/A 04:44 05:15 05:23 8:00 
Exp 3 04:20 06:08 05:54 N/A 04:29 05:13 05:28 8:00 
Exp 5 03:37 04:53 04:50 N/A 03:45 04:18 04:31 8:00 
Exp 7 04:06 05:38 05:28 N/A 04:18 04:50 05:02 8:00 
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Exp 9 04:18 02:52 08:23 N/A 03:12 N/A N/A 8:00 
Exp 11 04:26 02:40 06:39 N/A 03:24 N/A N/A 6:00 
Exp 13 11:51 N/A N/A N/A 12:04 10:57 07:28 10:00 
Exp 15 03:50 05:11 04:54 N/A 04:03 04:35 04:44 6:00 
Exp 17 26:09 32:38 27:57 N/A 26:25 26:56 29:56 24:00 
 
 The times to untenability at 1 ft. show that only the fire room and hallway (which is right 
next to the fire room and at times has temperatures larger than the fire room) reach thermal 
untenability in most experiments.  Whenever the thermal tenability limit is reached in a non-fire 
room that is not the hallway, it is after the experimentally set firefighter arrival time shown in the 
tables.  Comparing this to the CO tenability times, which reached untenability prior to the set 
firefighter arrival time in all rooms except bedroom 3 for almost every one-story experiment, 
suggests that CO poisoning is more of a risk for a passed out occupant in a non-fire room within 
a one-story structure than succumbing to burns.  However, the times to untenability in the fire 
room due to heat, typically around 4 min., are significantly lower than the times to CO 
untenability, suggesting that in the fire room, heat is more of a danger to an occupant than is CO 
poisoning.  The above tables also show the rapid deterioration in tenability with height.  The 
differences in thermal tenability due to height are largely due to the vertical temperature gradient 
observed in all the rooms.  This temperature gradient not only means that the convective heat 
transfer will be lower in the lower parts of the room, but also the radiative heat flux will be less 
because of the participating medium, which will absorb some of the radiation from the hotter 
gases and room surfaces.  The farther the occupant is from the hot surfaces and hot gases, the 
larger the amount of radiation emitted will be absorbed by the participating medium.  At the 5 ft. 
level, untenability is reached in most rooms before firefighter arrival.  At the 3 ft. level, most of 
the non-fire rooms eventually reach untenability, sometimes before firefighter arrival and 
76 
 
sometimes after fire fighter arrival.  These tenability times show that 1) the danger of heat 
exposure in the one-story structure is not as significant as the danger of CO poisoning, although, 
in the absence of CO poisoning, heat exposure still presents a serious risk to occupants, and 2) 
often untenability is reached within the fire environment, even in the non-fire rooms, prior to 
firefighter arrival. 
 
4.3.2  Results for Fires in Two-Story Structure 
 The times to thermal untenability (FEC = 0.3 and 1.0) for occupants in every room of the 
two-story structure at heights of 1 ft., 3 ft., and 5 ft. can be found in Table 4.11-Table 4.22 
Table 4.11: Two-Story, First Floor, h = 1 ft. Occupant Times to Untenability, FEC = 0.3 (N/A 
means untenability was never reached) 
 
Family 
Room 
Kitchen Den 
Dining 
Room 
Foyer 
Living 
Room 
Firefighter 
Arrival 
Exp 2 06:20 N/A N/A N/A N/A 14:10 10:00 
Exp 4 07:42 N/A N/A N/A 17:46 17:55 10:00 
Exp 6 07:01 N/A N/A N/A 13:22 N/A 10:00 
Exp 8 07:27 N/A N/A N/A N/A N/A 10:00 
Exp 10 N/A N/A N/A N/A N/A N/A 10:00 
Exp 12 06:13 N/A N/A N/A N/A 12:59 8:00 
Exp 14 N/A N/A N/A N/A N/A N/A 8:35 
Exp 16 27:40 25:26 N/A 28:37 28:11 28:39 27:00 
 
Table 4.12: Two-Story, First Floor h = 3 ft. Occupant Times to Untenability, FEC = 0.3 
 
Family 
Room 
Kitchen Den 
Dining 
Room 
Foyer 
Living 
Room 
Firefighter 
Arrival 
Exp 2 05:09 08:43 14:16 06:40 07:05 07:47 10:00 
Exp 4 06:38 10:07 17:59 08:21 08:27 09:09 10:00 
Exp 6 06:04 09:17 14:09 07:40 07:44 08:15 10:00 
Exp 8 06:43 09:00 N/A 08:01 08:06 08:33 10:00 
Exp 10 16:03 N/A N/A N/A N/A N/A 10:00 
Exp 12 05:36 07:55 13:23 06:57 07:08 07:26 8:00 
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Exp 14 N/A N/A N/A N/A N/A N/A 8:35 
Exp 16 25:56 14:39 29:11 27:30 27:29 27:52 27:00 
 
Table 4.13: Two-Story, First Floor, h = 5 ft. Occupant Times to Untenability, FEC = 0.3 
 
Family 
Room 
Kitchen Den 
Dining 
Room 
Foyer 
Living 
Room 
Firefighter 
Arrival 
Exp 2 04:33 06:24 12:51 06:11 05:40 06:56 10:00 
Exp 4 06:00 07:49 13:32 07:36 07:07 08:20 10:00 
Exp 6 05:35 07:08 12:00 06:54 06:28 07:34 10:00 
Exp 8 06:07 07:35 09:53 07:35 07:07 07:50 10:00 
Exp 10 03:35 N/A N/A N/A N/A N/A 10:00 
Exp 12 05:07 06:20 09:16 06:25 05:59 06:37 8:00 
Exp 14 03:59 N/A N/A N/A N/A N/A 8:35 
Exp 16 15:45 14:01 28:15 26:09 26:04 27:06 27:00 
 
Table 4.14: Two-Story, First Floor, h = 1 ft. Occupant Times to Untenability, FEC = 1.0 
 
Family 
Room 
Kitchen Den 
Dining 
Room 
Foyer 
Living 
Room 
Firefighter 
Arrival 
Exp 2 06:53 N/A N/A N/A N/A N/A 10:00 
Exp 4 08:17 N/A N/A N/A N/A N/A 10:00 
Exp 6 07:33 N/A N/A N/A N/A N/A 10:00 
Exp 8 07:47 N/A N/A N/A N/A N/A 10:00 
Exp 10 N/A N/A N/A N/A N/A N/A 10:00 
Exp 12 06:42 N/A N/A N/A N/A 14:48 8:00 
Exp 14 N/A N/A N/A N/A N/A N/A 8:35 
Exp 16 27:50 27:57 N/A 29:09 28:33 29:24 27:00 
 
Table 4.15: Two-Story, First Floor, h = 3 ft. Occupant Times to Untenability, FEC = 1.0 
 
Family 
Room 
Kitchen Den 
Dining 
Room 
Foyer 
Living 
Room 
Firefighter 
Arrival 
Exp 2 05:37 12:52 N/A 09:34 12:10 12:49 10:00 
Exp 4 07:08 16:51 N/A 11:40 12:24 14:06 10:00 
Exp 6 06:26 13:00 N/A 10:56 11:27 12:29 10:00 
Exp 8 07:07 12:57 N/A 09:09 08:44 11:20 10:00 
Exp 10 N/A N/A N/A N/A N/A N/A 10:00 
Exp 12 05:57 11:45 N/A 08:25 09:52 10:56 8:00 
Exp 14 N/A N/A N/A N/A N/A N/A 8:35 
Exp 16 26:31 15:08 N/A 28:09 27:55 28:14 27:00 
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Table 4.16: Two-Story, First Floor, h = 5 ft. Occupant Times to Untenability, FEC = 1.0 
 
Family 
Room 
Kitchen Den 
Dining 
Room 
Foyer 
Living 
Room 
Firefighter 
Arrival 
Exp 2 04:58 07:08 13:33 07:10 06:16 09:25 10:00 
Exp 4 06:27 08:29 17:34 08:58 07:44 10:57 10:00 
Exp 6 05:54 07:49 13:25 07:57 07:03 08:39 10:00 
Exp 8 06:33 08:06 13:19 08:05 07:37 08:20 10:00 
Exp 10 04:05 N/A N/A N/A N/A N/A 10:00 
Exp 12 05:29 06:54 12:49 06:57 06:29 07:11 8:00 
Exp 14 04:38 N/A N/A N/A N/A N/A 8:35 
Exp 16 16:47 14:26 28:42 27:35 26:45 27:54 27:00 
 
Table 4.17: Two-Story, Second Floor, h = 1 ft. Occupant Times to Untenability, FEC = 0.3 
 Bedroom 1 Bedroom 4 Hallway Bedroom 2 Bedroom 3 
Firefighter 
Arrival 
Exp 2 15:41 13:54 12:27 N/A 13:40 10:00 
Exp 4 19:29 17:46 15:44 N/A 16:58 10:00 
Exp 6 15:00 13:36 12:19 N/A 13:32 10:00 
Exp 8 N/A 13:15 09:58 N/A 13:47 10:00 
Exp 10 N/A N/A 03:44 N/A 03:04 10:00 
Exp 12 14:21 12:16 10:52 N/A 09:47 8:00 
Exp 14 N/A N/A 03:34 N/A 03:17 8:35 
Exp 16 29:34 28:31 27:37 N/A 27:43 27:00 
 
Table 4.18: Two-Story, Second Floor, h = 3 ft. Occupant Times to Untenability, FEC = 0.3 
 Bedroom 1 Bedroom 4 Hallway Bedroom 2 Bedroom 3 
Firefighter 
Arrival 
Exp 2 13:52 08:27 05:59 N/A 07:34 10:00 
Exp 4 17:21 09:56 07:30 N/A 09:04 10:00 
Exp 6 13:07 09:00 06:39 N/A 08:23 10:00 
Exp 8 11:55 09:00 07:13 N/A 08:34 10:00 
Exp 10 N/A N/A 03:06 N/A 02:55 10:00 
Exp 12 10:54 07:54 06:05 N/A 07:31 8:00 
Exp 14 N/A N/A 03:15 N/A 03:08 8:35 
Exp 16 28:22 27:41 25:34 N/A 27:05 27:00 
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Table 4.19: Two-Story, Second Floor, h = 5 ft. Occupant Times to Untenability, FEC = 0.3 
 Bedroom 1 Bedroom 4 Hallway Bedroom 2 Bedroom 3 
Firefighter 
Arrival 
Exp 2 11:43 06:46 04:17 N/A 06:11 10:00 
Exp 4 11:16 08:08 05:38 N/A 07:49 10:00 
Exp 6 Malfunction 07:26 05:10 N/A 06:54 10:00 
Exp 8 09:43 08:01 05:57 N/A 07:35 10:00 
Exp 10 N/A 07:07 02:58 N/A 02:38 10:00 
Exp 12 08:39 06:49 04:54 N/A 06:28 8:00 
Exp 14 N/A 07:45 03:08 N/A 02:42 8:35 
Exp 16 27:44 26:24 15:05 N/A 18:36 27:00 
 
Table 4.20: Two-Story, Second Floor, h = 1 ft. Occupant Times to Untenability, FEC = 1.0 
 Bedroom 1 Bedroom 4 Hallway Bedroom 2 Bedroom 3 
Firefighter 
Arrival 
Exp 2 N/A N/A 12:42 N/A 15:47 10:00 
Exp 4 N/A N/A 16:14 N/A 18:46 10:00 
Exp 6 N/A N/A 12:31 N/A 14:19 10:00 
Exp 8 N/A N/A 12:27 N/A N/A 10:00 
Exp 10 N/A N/A 04:04 N/A 03:17 10:00 
Exp 12 N/A 14:30 11:50 N/A 13:12 8:00 
Exp 14 N/A N/A 04:12 N/A 03:32 8:35 
Exp 16 33:37 29:01 27:46 N/A 27:53 27:00 
 
Table 4.21: Two-Story, Second Floor, h = 3 ft. Occupant Times to Untenability, FEC = 1.0 
 Bedroom 1 Bedroom 4 Hallway Bedroom 2 Bedroom 3 
Firefighter 
Arrival 
Exp 2 16:05 12:47 06:38 N/A 12:32 10:00 
Exp 4 19:24 15:45 08:15 N/A 13:30 10:00 
Exp 6 13:44 12:34 07:26 N/A 12:26 10:00 
Exp 8 13:47 12:20 07:44 N/A 11:35 10:00 
Exp 10 N/A N/A 03:24 N/A 03:01 10:00 
Exp 12 13:49 11:09 06:41 N/A 10:55 8:00 
Exp 14 N/A N/A 03:24 N/A 03:14 8:35 
Exp 16 28:53 28:06 26:47 N/A 27:37 27:00 
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Table 4.22: Two-Story, Second Floor, h = 5 ft. Occupant Times to Untenability, FEC = 1.0 
 Bedroom 1 Bedroom 4 Hallway Bedroom 2 Bedroom 3 
Firefighter 
Arrival 
Exp 2 13:02 10:17 04:48 N/A 06:56 10:00 
Exp 4 16:13 11:06 06:12 N/A 08:38 10:00 
Exp 6 Malfunction 10:17 05:42 N/A 08:06 10:00 
Exp 8 12:29 08:44 06:24 N/A 08:09 10:00 
Exp 10 N/A N/A 03:05 N/A 02:51 10:00 
Exp 12 11:59 08:04 05:21 N/A 07:05 8:00 
Exp 14 N/A N/A 03:14 N/A 03:00 8:35 
Exp 16 28:12 27:43 16:30 N/A 26:04 27:00 
 
 The times to thermal untenability in the two-story structure follow similar trends to the 
one-story structure.  Heat exposure leads to untenability at all heights in the fire room prior to 
firefighter arrival.  Additionally, tenability quickly deteriorates as the height above the floor is 
increased.  One difference observed in the two-story structure is that on the second floor 
untenability at 1 ft. is reached in most experiments in most of the upper floor rooms.  These 
times are long after firefighter arrival however, suggesting that in the two-story structure, based 
on heat exposure, there could be trapped occupants on the upper floors who are still alive and 
need rescue.  The same results were found for CO untenability in the two-story structure, 
although the CO tenability times are lower than the heat exposure times, again suggesting that 
CO poisoning is more of a danger to occupants than heat exposure.  The times to CO untenability 
at the FEC value of 1.0 were around 2 minutes after firefighter arrival, while the heat exposure 
times to untenability at the lower FEC value of 0.3 were typically more than three minutes after 
firefighter arrival.  On the first floor, the times to untenability at 1 ft are all after firefighter 
arrival in the non-fire rooms.  As the height increases, the times to untenability decrease and at 
the 5 ft. level, the times to untenability are lower on the first floor than on the second floor for 
the family room fires.  The times to untenability on the first floor at the 5 ft. level for FEC value 
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of 0.3 are all lower than the firefighter arrival time for the family room fires, except in the den.  
The den is the only room with no visual access to the family room on the lower floor, which, 
since there is no radiation from the fire room to the den, consistently results in lower 
temperatures in the den and thus longer times to untenability.  Similar to the upper floor, the 
danger of CO poisoning is greater than the danger of heat exposure for passed out occupants on 
the lower level of the two-story structure. 
 
4.3.3 Firefighter Tenability 
 Times to untenability were determined for every experiment in every room at 3 ft and     
7 ft.  Those heights were chosen to simulate a crawling firefighter (3 ft.) and the worst-case 
scenario (7 ft.), since the larger temperatures are at the larger heights in the fire environment and 
7 ft. is the largest measured temperature available for all the rooms in the structure.  The results 
for the one-story structure are presented in Table 4.23 and Table 4.24.  The times presented are 
all after the first ventilation event.  Data for tenability for firefighters before ventilation is 
meaningless since firefighters can only enter the structure through the process of ventilation. 
Table 4.23: Firefighter Tenability in One-Story Structure at 3 ft. (N/A means untenability was 
never reached) 
 
Living 
Room 
Bedroom 
1 
Bedroom 
2 
Bedroom 
3 
Hallway 
Dining 
Room 
Kitchen 
Initial 
Ventilation 
Exp 1 10:21 N/A N/A N/A 10:42 10:59 11:11 8:00 
Exp 3 12:59 N/A N/A N/A 13:21 13:43 15:08 8:00 
Exp 5 10:12 N/A N/A N/A 10:55 N/A N/A 8:00 
Exp 7 09:49 N/A N/A N/A 10:29 N/A N/A 8:00 
Exp 9 N/A 11:07 N/A N/A 15:43 N/A N/A 8:00 
Exp 11 N/A 06:00 N/A N/A N/A N/A N/A 6:00 
Exp 13 N/A N/A N/A N/A N/A 13:12 11:48 10:00 
Exp 15 08:27 N/A N/A N/A 08:56 09:03 09:25 6:00 
Exp 17 27:59 N/A N/A N/A 32:27 32:57 N/A 24:00 
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Table 4.24: Firefighter Tenability in One-Story Structure at 7 ft. 
 
Living 
Room 
Bedroom 
1 
Bedroom 
2 
Bedroom 
3 
Hallway 
Dining 
Room 
Kitchen 
Initial 
Ventilation 
Exp 1 09:05 10:52 10:45 N/A 09:31 10:24 10:36 8:00 
Exp 3 09:14 13:59 13:37 N/A 09:35 13:01 13:19 8:00 
Exp 5 09:00 08:24 10:39 N/A 09:01 10:12 10:25 8:00 
Exp 7 08:58 10:45 10:30 N/A 09:10 09:42 09:50 8:00 
Exp 9 15:49 09:00 N/A N/A 11:05 N/A N/A 8:00 
Exp 11 06:17 06:00 07:24 N/A 06:00 N/A N/A 6:00 
Exp 13 11:29 N/A N/A N/A 11:43 11:19 10:00 10:00 
Exp 15 07:04 09:20 08:58 N/A 06:00 08:05 08:43 6:00 
Exp 17 26:02 32:57 32:38 N/A 26:15 26:34 32:24 24:00 
 
 The data in Table 4.24 are the most conservative estimates for the times to untenability, 
whereas the data in Table 4.23 are likely the more accurate data for the times to untenability, 
since firefighters are more likely to be at 3 ft. then at 7 ft. in a fire environment.  The times 
presented in Table 4.24 should be considered as a low-end estimate.  Table 4.23 shows that 
firefighter tenability in the residential fire environment is mainly a concern in the fire room, 
since the times to untenability in the non-fire rooms are significantly longer than in the fire room.  
In Experiment 11, it was the rare case where upon ventilation, firefighter tenability in the fire 
room had already been reached.  However, typically firefighters have around 2 min. after intitial 
ventilation before untenability in the fire room is reached.  This is evidenced by the difference of 
time for untenability in the fire room from the time when ventilation occurs in Table 4.23.  The 
low end estimate based on the data in Table 4.24 suggest that firefighters have only 1 min. to 
search the fire environment prior to untenability if water is not applied to the fire.  One important 
thing to note is that Experiment 3 has almost 3 min. longer of tenability at the 3 ft. level than 
does the nearly identical Experiment 5.  The main difference between those two experiments was 
partially closing the front door after initial ventilation of the front door in Experiment 3.  This 
tactic reduces the risk to firefighters searching the fire environment.  Another thing to consider is 
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the danger of flashover to firefighters.  When untenability is reached within the fire environment, 
firefighters may still have the ability to escape.  However, flashover eliminates this possibility 
and can be fatal to fully protected firefighters within seconds.  The time difference between 
untenability at 3 ft. in the fire room and flashover is presented in Table 4.25. 
Table 4.25: Firefighter Escapability 
Experiment Time to Untenability 
in the Fire Room 
Time to Flashover Time for firefighter 
escape (s) 
1 10:21 10:35 14 
3 12:59 13:18 19 
5 10:12 10:26 14 
7 09:49 10:28 39 
9 11:07 12:26 79 
11 06:00 6:29 29 
13 11:48 No Flashover No Flashover 
15 08:27 8:55 28 
17 27:59 32:26 267 
 
 Table 4.25 shows that firefighters have little time to escape once the fire environment 
begins to deteriorate.  The time in Experiment 17 suggests that this is not always the case, since 
the time between untenability and flashover is more than 4 min.  However, this experiment 
utilized legacy furnishings as fuel.  In modern fire environments, the data suggests that 
firefighters may have less than 15 seconds to escape the fire environment once untenability is 
reached. 
 The times to untenability in the two-story structure were determined in the same manner 
as the one-story structure and are presented in Table 4.26-Table 4.29. 
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Table 4.26: Firefighter Tenability in Two-Story Structure at 3 ft., Lower Level (N/A means 
untenability was never reached) 
 
Family 
Room 
Kitchen Den 
Dining 
Room 
Foyer 
Living 
Room 
Exp 2 12:55 N/A N/A 12:55 12:59 N/A 
Exp 4 14:28 N/A N/A N/A 16:53 N/A 
Exp 6 11:10 N/A N/A 13:14 13:36 N/A 
Exp 8 10:58 N/A N/A N/A N/A N/A 
Exp 10 N/A N/A N/A N/A N/A N/A 
Exp 12 09:13 N/A N/A 11:50 12:45 N/A 
Exp 14 N/A N/A N/A N/A N/A N/A 
Exp 16 27:25 28:16 N/A 28:11 28:01 28:18 
 
Table 4.27: Firefighter Tenability in Two-Story Structure at 7 ft., Lower Level 
 
Family 
Room 
Kitchen Den 
Dining 
Room 
Foyer 
Living 
Room 
Exp 2 12:42 12:27 N/A 12:31 12:05 12:29 
Exp 4 10:00 15:51 N/A 16:02 15:20 15:49 
Exp 6 10:00 12:18 N/A 12:22 12:09 12:21 
Exp 8 10:00 12:22 N/A 12:13 11:48 12:21 
Exp 10 15:39 N/A N/A N/A N/A N/A 
Exp 12 08:00 11:23 N/A 11:25 10:55 11:33 
Exp 14 N/A N/A N/A N/A N/A N/A 
Exp 16 25:22 17:00 29:18 27:43 27:17 27:45 
 
Table 4.28: Firefighter Tenability in Two-Story Structure at 3 ft., Upper Level 
 
Bedroom 
1 
Bedroom 
4 
Hallway 
Bedroom 
2 
Bedroom 
3 
Exp 2 N/A N/A 12:29 N/A N/A 
Exp 4 N/A N/A 15:35 N/A N/A 
Exp 6 N/A N/A 12:18 N/A N/A 
Exp 8 N/A N/A 12:12 N/A N/A 
Exp 10 N/A N/A 15:55 N/A 14:28 
Exp 12 N/A N/A 11:17 N/A N/A 
Exp 14 N/A N/A N/A N/A 08:35 
Exp 16 N/A 28:26 27:21 N/A 27:26 
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Table 4.29: Firefighter Tenability in Two-Story Structure at 7 ft., Upper Level 
 
Bedroom 
1 
Bedroom 
4 
Hallway 
Bedroom 
2 
Bedroom 
3 
Exp 2 13:16 12:28 11:11 N/A 12:26 
Exp 4 17:09 16:30 10:00 N/A 15:33 
Exp 6 12:35 12:17 10:43 N/A 12:19 
Exp 8 12:29 12:14 10:00 N/A 12:27 
Exp 10 N/A N/A 14:30 N/A 14:10 
Exp 12 13:22 11:42 08:00 N/A 11:18 
Exp 14 N/A N/A 08:35 N/A 08:35 
Exp 16 27:57 27:39 25:21 N/A 27:32 
  
 The data in Table 4.26 suggest that firefighters typically have around 1 minute after 
ventilation before the fire room becomes untenable.  However, in the situation where the door is 
closed behind entry, Experiment 4, the tenability time in the fire room increases by more than 3 
min. compared with Experiment 6 and Experiment 8.  Additionally, Table 4.28 shows that at 3 ft. 
the hallway is untenable approximately 2 min. after ventilation and entry.  This gives firefighters 
only a short amount of time to search the large two-story structure if water is not quickly applied 
to the seat of the fire.  Table 4.27 and Table 4.29 show the low end estimate of times to 
untenability.  These times are pretty low and in several experiments, the fire room and the 
hallway are untenable upon ventilation and entry.  One more thing to note from Table 4.26 is that 
the foyer and dining room reach untenability at the 3 ft level approximately 3 min. after 
ventilation and entry in some of the experiments.  On the other hand, the other lower level non-
fire rooms do not reach untenability in any of the experiments except Experiment 16, with 
ignition in the kitchen and family room.  The times for escape before flashover are presented in 
Table 4.30. 
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Table 4.30: Firefighter Escapability 
Experiment Time to Untenability 
in Fire Room 
Time to Flashover Time for firefighter 
escape (s) 
2 12:55 13:03 8 
4 14:28 No Flashover No Flashover 
6 11:10 12:04 54 
8 10:58 11:45 47 
10 14:28 15:20 52 
12 09:13 12:24 191 
14 08:35 10:32 117 
16 27:25 No Flashover No Flashover 
 
 A comparison between Table 4.25 and Table 4.30 shows that, outside of Experiment 2, 
the times between untenability and flashover are much longer in the two-story structure than in 
the one-story structure.  Several experiments in the one-story structure transitioned to flashover 
in under 20 s, but in the two-story structure only one experiment transitioned from tenable to 
flashover in less than 40 s.   
  
4.4  Effect of Water Application on Temperature Tenability 
 The temperature drop in the non-fire rooms due to water application can possibly have 
the effect of drastically improving the tenability conditions in the non-fire rooms.  Figure 4.7 
shows the improvements in tenability due to the temperature drop in the non-fire rooms.  In this 
case the criteria for occupant tenability will be a temperature threshold of 150oC [24].  The FEC 
values will not effectively show the improvement in conditions since it is a cumulative measure 
that accounts for the time prior to water application.  The criteria for firefighter tenability will be 
the same as in Sec. 4.3.  The black lines in the Fig. 4.7 correspond to the tenability temperature 
threshold of 150oC for occupants and the green lines correspond to the temperature tenability 
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threshold of 260oC for firefighters [25].  All of the data points left of the vertical lines correspond 
to non-fire rooms that were tenable before water application.  In Fig. 4.7, data points with initial 
temperatures lower than the temperature thresholds are to the left of the respective vertical 
tenability lines.  Data points between the vertical tenability lines and sloped tenability lines 
represent points whose temperature was initially larger than the respective temperature threshold 
but 60 s after the application of water the temperature was below the respective temperature 
threshold.  Data points to the right of the respective sloped tenability lines represent rooms where 
the temperature was above the temperature threshold before and 60 s after water application. 
 
Figure 4.7:  Tenability Improvements in Non-Fire Rooms 60 seconds after Water Application 
(Blue data points represent one-story structure. Red data points represent two-story structure.  
Black lines represent occupant temperature threshold and green lines represent firefighter 
threshold). All the data points are from straight stream applications of water. 
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 Figure 4.7 shows that for all cases of water application, the conditions 60 s after water 
application were such that the temperatures in every non-fire room were below the temperature 
threshold criterion for firefighter untenability.  Figure 4.7 also shows about half of the non-fire 
room temperatures drop below the occupant tenability threshold 60 s after water application.  Of 
course, occupants in that non-fire room for the entirety of the fire are likely already deceased, 
since the temperature threshold has been surpassed for a large portion of time prior to the water 
application.  But improving tenability conditions in those non-fire rooms could make it safer for 
occupants in other rooms, where untenability has not yet been reached, to find a path to escape 
through the improved conditions in the other non-fire rooms.  Figure 4.7, in conjunction with 
Fig. 3.2 from Chapter 3, shows that the second floor  temperatures in the two-story structure 
largely remain untenable for occupants 60 s after water application.   
 
4.5 Radiation Analysis 
 Radiation, convection, and conduction all play a role in the heat transfer processes within 
an enclosure fire.  The effect of convection on occupant tenability within an enclosure fire has 
been experimentally determined to be a function of the temperature in the enclosure [27].  The 
effect of radiation on occupant tenability has been experimentally determined as a function of the 
radiative heat flux to the occupant within the structure [27].  Therefore, determining the effect of 
radiation on tenability in an enclosure fire requires determining the radiative heat flux incident 
upon the occupant within the structure.  This analysis must take into account the participating 
medium that results from the combustion products.  The radiation transport equation, assuming 
local thermodynamic equilibrium, for a nonscattering medium is as follows: 
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                                                                     (4.4) 
I is the spectral intensity of the radiation,   is the spectral absorption coefficient of the medium, 
  is the path of the beam of radiation, and    is the blackbody spectral intensity given by Eq. 4.5. 
   
   
 
 
                                                                (4.5) 
   is the local temperature of the gaseous state,   is the Stefan-Boltzmann constant.  The data 
from the experiments studied in this thesis show that the temperature profile in the enclosure 
varies linearly with the height in the enclosure.  The temperature can be given as: 
                                                                       (4.6) 
  = 
                 
                
 and             , where (xs, ys, zs) is the the location of the radiating 
point at the surface in the reference frame with the origin at the floor in the center of the room.  
In that same reference frame, the point of interest will be defined as (x2, y2, z2).  This definition 
of   and   gives an expression for the temperature as a function of z in the reference frame with  
zs = 0, with z negative below zs and positive above zs. Additionally, we will specify xs = ys = 0 in 
this new reference frame, for simplicity, so that r = 0 at the radiating surface.  Substituting Eq. 
4.6 into Eq. 4.5 and Eq. 4.5 into Eq. 4.4, and using        , the following differential 
equation is obtained: 
  
  
     
  
 
                                                    (4.7) 
A schematic of the enclosure ceiling and floor and the defined coordinates is shown in Fig. 4.8. 
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Figure 4.8: Schematic of Enclosure and Defined Coordinates 
 
 
Solving this first order, non-homogeneous equation with the boundary condition: 
                                                            (4.8) 
where Is is the spectral intensity leaving the surface, yields the solution for the spectral intensity: 
        
    
 
 
                                                   (4.9) 
                                                                     (4.10) 
               
  
 
                                                  (4.11) 
                
  
 
                                                  (4.12) 
            
  
 
                                                    (4.13) 
     
 
 
                                                            (4.14) 
     
     
                           
                                        (4.15) 
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Where                   is the distance from the radiating surface. The distance to the 
point of interest is                               
To find the heat flux from all the walls, designated 1, to a specific point, designated 2, we 
must integrate over all the surfaces of the enclosure.  Additionally, the view factor must be 
determined.  Since we are interested in the heat flux to a specific point, the value we are 
interested in is given by: 
    
   
  
           
  
        
     
 
                                          (4.16) 
      varies depending on which radiating surface is being analyzed, but it is the cosine of the 
angle between the vector r and the normal of the radiating surface.  Using Eq. 4.16, the heat flux 
can now be determined at the location of interest. 
            
           
  
                                                (4.17) 
As is the area of the surfaces.  This integral must be evaluated over the ceiling and the four side 
walls of the room of interest.  An example of the integral for evaluating the radiation from the 
ceiling to a certain point for a cubic room with dimensions (l, w, h) is: 
            
      
 
  
   
    
      
   
    
                                   (4.18) 
I(L) is a complicated function of xs, ys, and zs, but Eq. 4.18 can be solved numerically, as can the 
surface integrals of all the side surfaces of the room.  All locations in Eqs. 4.17-4.18 are based on 
the reference frame with the origin at the floor in the center of the room. 
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 To calculate the heat flux due to radiation for the purposes of calculating tenability times, 
the following assumptions will be made: 
 Radiation is only calculated from the ceiling to the center of the room.  The effect of 
objects blocking the radiation will not be accounted for, and the side surfaces will be 
ignored. 
 The ceiling temperature is assumed to be the same as the temperature of the gas at the 
ceiling. 
 The absorptivity, k, is assumed to be 1.4 m-1 throughout the entire room and the full 
duration of the experiment [28]. 
 The temperature profile is assumed linear from the ceiling to the floor. 
 The temperature distribution in the non-vertical directions is assumed constant. 
 The ceiling is assumed to be 4 m by 4 m, since this is slightly larger than most rooms and 
will compensate somewhat for neglecting the radiation from the side surfaces. 
 The emissivity of the ceiling is assumed to be equal to unity. 
 An example calculation is provided below for a room with a ceiling temperature of 650 K 
and a floor temperature of 400 K.  This is a typical temperature distribution in the non-fire rooms 
during flashover in the fire environment.  The radiative heat fluxes at heights of 1 ft, 3 ft, and 5 ft 
above the floor are listed in the Table 4.31. 
Table 4.31: Example Radiation Calculation 
Height above floor (ft) Radiative Heat Flux (kW/m2) 
1 ft. 1.88 
3 ft. 3.64 
5 ft. 6.38 
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 The values in Table 4.31 show that radiation is not a major concern in the non-fire rooms 
at the 1 ft. level, since [23] states that a radiative heat flux below 2.5 kW/m2 can be tolerated for 
a substantial period of time (30 min.).  However, the radiation heat flux increases significantly at 
larger heights in the compartment, and is much more of a concern at larger heights within the 
compartment. 
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Chapter 5  
Comparison of Ventilation Tactics 
 
 
5.1  Introduction  
 This chapter will compare different ventilation tactics to assess the effects of ventilation 
on the fire enironment.  The impact of door control, area of vertical ventilation, and distance 
from the seat of fire will be analyzed.  Experiments 3 and 5 and Experiments 4 and 6 will be 
used to analyze the effect of door control.  Experiments 5 and 7 and Experiments 6 and 8 will be 
used to analyze the effect of the area of vertical ventilation.  Experiments 5 and 9 and 
Experiments 6 and 10 will be used to analyze the difference between ventilating near the seat of 
the fire and ventilating far from the seat of the fire. 
 
5.2  Effect of Door Control in One-Story Structure  
 The main difference between Experiment 3 and Experiment 5 was the position of the 
front door once it was opened at 8 minutes after ignition.  In Experiment 3 it was entirely open in 
order to simulate a crew entering and then it was closed to approximately 4 inches of width to 
allow room for the hoseline to be in the doorway.  In Experiment 5 the door was opened 
completely at 8 minutes and left open for the duration of the Experiment.  These two 
experiments will only be compared up to the point of the roof vent being opened. 
 Figure 5.1 shows the temperatures in the living room at 7 ft above the floor and 3 ft 
above the floor for Experiment 3 and Experiment 5.  The temperatures are similar before 
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ventilation of the door, suggesting the involved fuels are similar in the two experiments.  The 
main difference is the time evolution of the 3 ft above the floor and 7 ft above the floor 
temperatures.  In Experiment 5, the temperatures 3 ft and 7 ft above the floor begin to rapidly 
increase, while in Experiment 3 they remain relatively constant.  This difference is explained by 
Fig. 5.2, which shows the front door velocities for the two experiments.  The velocity at the 
bottom of the door is negative (incoming air) and approximately the same in Experiment 5 and in 
Experiment 3.  The higher area of ventilation in Experiment 5 means that although the incoming 
velocities are the same in the two experiments, the incoming mass of oxygen is much larger in 
Experiment 5.  The large amount of incoming oxygen results in the fire growing and explains the 
temperature growth observed in Experiment 5. 
 
Figure 5.1: Comparison of Living Room Temperatures 7 and 3 ft. above the floor (Blue lines 
represents temperatures at 7 ft., red lines represent temperatures at 3 ft. Black markers represent 
Experiment 3 data.  No black markers represent Experiment 5 data.) 
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Figure 5.2: Comparison of Front Door Velocities (Purple lines are velocities at top of the door. 
Green lines are velocities at middle of door.  Blue lines are velocities at bottom of door. Black 
markers represent Experiment 3 data.) 
 
5.3  Effect of Door Control in Two-Story Structure  
 The main difference between Experiment 4 and Experiment 6 was the position of the 
front door once it was opened 10 minutes after ignition.  In Experiment 4 it was opened all the 
way to simulate a crew entering and then it was closed to approximately 4 inches to allow room 
for the hoseline to be in the doorway.  In Experiment 6 the door was opened completely at 8 
minutes and left open for the duration of the experiment.  The two experiments are similar to 
Experiments 3 and 5, only they take place in the two-story structure.    These two experiments 
will only be compared up to the point of the roof vent being opened. 
 Figure 5.3 shows the temperatures in the family room at 16 ft and 4 ft above the floor for 
Experiment 4 and Experiment 6.  The temperatures are similar before ventilation of the door, 
suggesting the fuels that are burning are similar in the two experiments.  The main difference is 
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the growth of the 4 ft temperature.  In Experiment 6, the 4 ft temperature begins to rapidly 
increase, while in Experiment 4 it remains relatively constant.  This difference is explained by 
Fig. 5.4, which shows the front door velocities for the two experiments.  The bottom  velocity is 
more negative (incoming air) in Experiment 6 than in Experiment 4.  The higher velocity of 
incoming air in Experiment 6 and the higher area of ventilation in Experiment 6 means that the 
family room is being supplied with more oxygen in Experiment 6 than in Experiment 4, which 
explains the temperature growth observed in Experiment 6. 
 
Figure 5.3: Comparison of temperatures 16 ft. and 4 ft. above the floor (Blue lines represents 
temperatures at 16 ft. Red lines represent temperatures at 4 ft. Black markers represent 
Experiment 4 data.) 
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Figure 5.4: Comparison of Front Door Velocities (Purple lines are velocities at top of the door. 
Green lines are velocities at middle of door.  Blue lines are velocities at bottom of door. Black 
markers represent Experiment 4 data.) 
 
5.4  Impact of Vertical Ventilation Hole Size in the One-Story Structure 
 Figures 5.5 and 5.6 show the temperatures 7 ft. above the floor and 3 ft. above the floor in 
Experiment 5 and Experiment 7.  Experiment 5 has 4 ft. by 4 ft. vertical ventilation, while 
Experiment 7 has 4 ft. by 8 ft. vertical ventilation.  The comparisons show that the fire behaves 
about the same regardless of the area of vertical ventilation.  In both experiments flashover 
occurs around 10 min. 15 s.  The only real difference seen is that Experiment 7 has slightly 
smaller non-fire room temperatures, but the difference is rather minor (less than 40oC) and can 
be explained by the larger area of vertical ventilation which results in more of the hot gases 
exiting through the vertical vent rather than spreading to the non-fire rooms. 
 In both experiments, CO untenability was reached prior to ventilation as shown in Table 
4.2.  However, Fig. 5.7 shows that after vertical ventilation CO concentration is reduced in the 
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case of the larger vertical ventilation, while CO concentration increases in Experiment 5, the 
experiment with the smaller vertical ventialtion.  This reduction does occur after flashover 
though, and so the possibility of inducing flashover to reduce CO concentrations is impractical. 
 
Figure 5.5: Comparison of temperatures 7 ft. above the floor (Blue lines represents living room 
temperatures. Red lines represent dining room temperatures.  Green lines represent hallway 
temperatures. Black markers represent Experiment 5 data.) 
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Figure 5.6: Comparison of temperatures 3 ft. above the floor (Blue lines represents living room 
temperatures. Red lines represent dining room temperatures.  Green lines represent hallway 
temperatures. Black markers represent Experiment 5 data.) 
 
Figure 5.7: Comparison of CO and O2 Concentrations in Bedroom 1 (Blue lines represent CO 
data. Red lines represent O2 Data. Black markers represent Experiment 5 data.) 
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5.5  Impact of Vertical Ventilation Hole Size in the Two-Story Structure 
 In the two-story house, the vertical ventilation openings were made on the roof over the 
family room, where the fire originated.  Experiment 6 has 4 ft. by 4 ft. vertical ventilation, while 
Experiment 8 has 4 ft. by 8 ft. vertical ventilation.  Figures 5.8 and 5.9 show the temperatures 7 
ft. and 3 ft. above the floor in Experiments 6 and 8.  In both experiments, flashover occurs 
quickly after vertical ventilation.  The non-fire room temperatures are lower in Experiment 8 
than in Experiment 6.  This difference in the non-fire room temperatures is a result of larger 
release of hot gases out of the structure due to the larger ventilation area, which reduces the 
amount of flow of hot gases into the non-fire rooms.    
 
Figure 5.8: Comparison of temperatures 7 ft (16 ft for FR) above the floor (Blue lines represents 
family room temperatures. Red lines represent hallway temperatures.  Green lines represent 
bedroom 3 temperatures. Black markers represent Experiment 6 data.) 
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Figure 5.9: Comparison of temperatures 3 ft (4 ft for FR) above the floor (Blue lines represents 
family room temperatures. Red lines represent hallway temperatures.  Green lines represent 
bedroom 3 temperatures. Black markers represent Experiment 6 data.) 
 
5.6  Effect of Ventilation Location in the One-Story Structure 
 In Experiment 5, initial ventilation was near the fire, while in Experiment 9 ventilation 
was initially far from the fire room (Figures 5.11 and 5.12 show the ventilation scenarios in the 
two experiments).  Figures 5.13 and 5.14 show the temperatures 7 ft. and 3 ft. above the floor 
from Experiment 5 and Experiment 9.  The first noticeable difference in comparing the 
temperatures is that the fire behaves differently prior to any ventilation, suggesting the fire 
development  and growth are not the same in the two rooms due to different compartment 
geometries and fuel packages involved in the fire.  When ventilation occurs, the temperatures 
show the possible advantage of initially ventilating far from the fire.  In Experiment 5, a few 
seconds after the front door is opened, the temperatures in the fire room begin to increase, 
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eventually transitioning the fire environment to flashover.  In Experiment 9, the temperatures in 
the fire room after the front door is opened continue to decrease for 2.5 minutes after ventilation.  
This shows that ventilating far from the fire increases the time to flashover and reduces the 
flashover potential of the fire environment.  One concern with venting far from the fire is 
increased temperatures in the non-fire rooms along the path from ventilation to the fire room.  
However, although large temperatures are found in the hallway directly adjacent to the fire room, 
the living room temperatures in Experiment 9 barely increase, which suggests that the ventilation 
path did not have much of an influence on increasing the living room temperature. 
 Figures 5.15 - 5.18 compare the visibility in the kitchen in Experiments 5 and 9 at prior to 
vertical ventilation and after vertical ventilation.  Improved visibility due to ventilation is 
important because it makes searching the fire environment much easier and quicker for 
firefighters.  There is no noticeable difference in visibility between the two experiments until 
after vertical ventilation.  Experiment 9 sees drastic improvement after vertical ventilation, while 
no improvement is observed after vertical ventilation in Experiment 5.  This is explained by the 
different ventilation tactics of the two experiments.  In Experiment 5, vertical ventilation does 
exhaust hot gases and smoke, but the ventilation scenario is such that oxygen enters the fire room 
through the front door, which results in increased smoke production that counteracts the release 
of smoke through the roof.  In Experiment 9, the vertical ventilation also allows the release of 
smoke, but since the pathway from entering air through the front door to exiting air through the 
vertical vent does not go through the fire room, the fire does not receive much oxygen and 
produces very little additional smoke.  Thus, in the case of Experiment 9, more smoke is released 
through ventilation than is produced by the fire and visibility begins to improve. 
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Figure 5.12: Comparison of temperatures 7 ft. above the floor (Blue lines represents living room 
temperatures. Green lines represent hallway temperatures.  Orange lines represent bedroom 1 
temperatures. Red lines represent dining room temperatures. Black markers represent 
Experiment 5 data.) 
 
 
Figure 5.10:  Experiment 5 Ventilation Scenario 
(Yellow boxes are ventilation locations.  Red-
tinted room is the fire room.) 
 
Figure 5.11:  Experiment 9 Ventilation Scenario 
(Yellow boxes are ventilation locations.  Red-
tinted room is the fire room.) 
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Figure 5.13: Comparison of temperatures 3 ft. above the floor (Blue lines represents living room 
temperatures. Green lines represent hallway temperatures.  Orange lines represent bedroom 1 
temperatures. Red lines represent dining room temperatures. Black markers represent 
Experiment 5 data.) 
 
Figure 5.14:  Experiment 5 -  Visibility at 
10:00 
 
Figure 5.15:  Experiment 9 -  Visibility at 
10:00 
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5.7  Effect of Ventilation Location in the Two-Story Structure 
 In Experiment 6, initial ventilation (front door opened) is near the fire, while in 
Experiment 10 ventilation is initially far from the fire room (Figures 5.19 and 5.20 show the 
ventilation scenarios of the two experiments).  Figures 5.21 and 5.22 show the temperatures 7 ft. 
and 3 ft. above the floor from Experiment 6 and Experiment 10.  These figures suggest similar 
effects in the two-story structure from remote ventilation as observed in the one-story structure.  
Flashover potential is drastically reduced and the temperatures in the far-from-fire ventilation 
scenario decrease after initial ventilation for more than 3 minutes.  Figures 5.21 and 5.22 show 
that the non-fire room temperatures are similar between the two experiments once flashover 
occurs and thus venting far from the fire did not increase the non-fire room temperatures upon 
flashover. 
 Figures 5.23 - 5.26 compare the visibility in the hallway in Experiments 6 and 10 at 6 
min. after ignition and 1 min. after vertical ventilation (in both experiments the visibility remains 
the same from 6 min to vertical vantilation).  Prior to ventilation, visibility is completely 
obscured by smoke.  In Experiment 10 a drastic improvement in visibility is observed after 
 
Figure 5.16:  Experiment 5 -  Visibility 1:30 
after Vertical Ventilation 
 
Figure 5.17:  Experiment 9 -   Visibility 1:30 
after Vertical Ventilation 
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vertical ventilation, while no improvement is observed after vertical ventilation in Experiment 6.  
The explanation for this is same as the explanation for the one-story structure.  In Experiment 10, 
the vertical ventilation also allows the exhaust of smoke, but since the pathway from entering air 
through the front door to exiting air through the vertical vent does not go through the fire room, 
the fire does not receive much oxygen and produces very little smoke, while in Experiment 6 
oxygen quickly reaches the fire room and begins producing a large amount of smoke before 
visibility can be improved. 
 
 
Figure 5.18:  Experiment 6 Ventilation Scenario 
(Yellow boxes are ventilation locations.  Red-
tinted room is the fire room.) 
 
Figure 5.19:  Experiment 10 Ventilation Scenario 
(Yellow boxes are ventilation locations.  Red-
tinted room is the fire room.) 
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Figure 5.20: Comparison of temperatures 7 ft (16 ft for FR) above the floor (Blue lines 
represents family room temperatures. Red lines represent hallway temperatures.  Green lines 
represent bedroom 3 temperatures. Black markers represent Experiment 6 data.) 
 
 
Figure 5.21: Comparison of temperatures 3 ft (4 ft for FR) above the floor (Blue lines represents 
family room temperatures. Red lines represent hallway temperatures.  Green lines represent 
bedroom 3 temperatures. Black markers represent Experiment 6 data.) 
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Figure 5.22:  Experiment 6 -  Visibility at 6:00 Figure 5.23: Experiment 10 -  Visibility at 6:00 
 
Figure 5.24:  Experiment 6 -  Visibility 1:00 
after Vertical Ventilation 
 
Figure 5.25:  Experiment 10 -  Visibility 1:00 
after Vertical Ventilation 
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Chapter 6  
Conclusions and Future Work 
 
 
6.1  Conclusions 
 Water application in the experiments discussed in this thesis shows that the reduction in 
non-fire room temperature is largely dependent on the temperature in the non-fire room before 
the application of water.  The temperature reduction in the non-fire rooms also depends upon the 
temperature reduction in the fire room.  One surprising result of the water application in these 
experiments is the small correlation between duration of the water stream and the amount of 
cooling in the non-fire rooms.  The data suggests that in the range of 6-17 s for 100 gpm flow 
rate, the amount of time of water application is not that significant, likely because the major 
effect of water application is due to extinguishment and most of extinguishing occurs at the 
beginning of water application.   
 Water application, especially straight stream application, was also shown to have a 
positive impact on the tenability conditions in the non-fire rooms for both occupants and 
firefighters.  The data also suggest that fog stream application has quicker cooling effects in the 
non-fire rooms in the first 10 s after application, but these effects diminish with time, whereas 
the straight stream application of water seems to reduce the temperature in the non-fire rooms for 
a longer period of time, although the initial cooling process is longer.  The experiments found a 
statistically significant difference between the cooling effects of the straight stream and fog 
stream applications of water 60 s after application, with the straight stream having larger cooling 
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potential for rooms with initially higher temperatures.  Additionally, "pushing the fire" was never 
a problem for straight stream applications, but is possible for fog stream applications since the 
effect of pushing heat into non-fire rooms was observed.  This effect of pushing hot gases from 
the fire room into non-fire rooms is the result of pressure increases in the fire room due to bulk 
fluid motion into the fire room caused by the fog stream application. 
 Tenability in the fire environment is affected by CO poisoning and heat.  In the one-story 
structure, for living room fires, untenability for unprotected occupants occurs due to CO 
poisoning prior to firefighter arrival in every room in the structure except for rooms with closed 
doors.  In the two-story structure, for family room and bedroom fires, the average times to CO 
untenability in the measured rooms was  9 min. 36 s and 12 min. 18 s for FEC criteria of 0.3 and 
1.0, respectively.  Thus, CO poisoning is a major concern in the two-story structure, though does 
give more time before untenability than the one-story structure.  The times to thermal 
untenability in the one and two-story structures were typically below the times to CO 
untenability in the non-fire rooms (for a passed out occupant at the height of 1 ft), suggesting CO 
poisoning is more of a concern for occupants than heat exposure.  In the fire room, the thermal 
times to untenability are shorter than the CO times to untenability for all heights.  Firefighter 
untenability is reached in several rooms for the one-story and two-story structure.  The times to 
untenability for firefighters at a height of 3 ft. above the floor in the fire room in the one-story 
structure are anywhere from 27 s after ventilation to 4 min. 59 s after ventilation for the living 
room fires.  In the two-story structure, the firefighter times to untenability in the family room at 
the height of 3 ft. for the family room fires range from 58 s after ventilation to 4 min. 28 s after 
ventilation.  In both experiments, the ventilation tactic of closing the front door after firefighter 
entry resulted in the longest times of firefighter tenability. 
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 In comparing different ventilation tactics, it was observed that closing the door behind 
firefighter entry greatly increases the time to flashover.  Additionally, venting far from the seat 
of fire resulted reduction in temperatures in the structure for almost 3 min. after ventilation, 
longer time to flashover, and improved visibility in the fire structure.  In comparison, venting 
near the seat of the fire resulted in a quicker transition to flashover.  Finally, the effect of added 
vertical ventilation area was minimal and the only improvement observed in the fire environment 
with more vertical ventilation is slightly lower non-fire room temperatures and a reduction in CO 
concentration after flashover. 
 
6.2  Future Work 
 Water application prior to flashover was not investigated in this thesis and is a possibility 
for future work.  Additionally, the thermal tenability analysis relied upon properly predicting the 
radiation heat flux to an occupant within a structure. Experiments should be performed to test 
radiation modeling and refine the modeling assumptions as necessary.  Further studies should be 
performed to verify the results of this thesis that indicate several advantages of straight-stream 
over fog-stream sprays and possibly determine scenarios when a fog stream could be tactically 
superior. Also, both stream types are to be compared to the smooth bore nozzle.  The 
methodology of full-scale experiments studied in this thesis can be used in order to 
experimentally validate high-fidelity residential fire models.  Recent advances in computational 
science and engineering have not yet been put to work for the Fire Protection Engineering 
community.  Even state-of-the-art codes (such as the Fire Dynamic Simulator of NIST) use 
outdated modeling tools (e.g. Reynolds- Averaged Navier-Stokes equations) and operate in 
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classical off-line computational environments.  Further improvements in computational fire 
modeling could help substantially in improving our understanding of residential fire 
environments and experiments like the ones analyzed in this thesis will be instrumental in 
validating such models. 
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